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Preface 


This book covers the cosmogony of stars and galaxies, a 
new field in astrophysics. The modern development of 
cosmogony is related to the astronomic discoveries of the 
past two decades, starting from the discovery of quasars 
in 1963 and microwave background radiation in 1965. 
The researchers in this area proceed from the achieve- 
ments of cosmology, a science dealing with the universe 
as a whole, and make use of data from different branches 
of astronomy, physics, and mathematics. 

The problems of cosmogony are diverse and compli- 
cated, and not every one of them has been solved yet. 
However, there is a number of reliable observational data 
and theoretical conclusions related to the formation of 
stars and star systems, and the general pattern of the 
origination of the large-scale structure of the universe is 
only gradually becoming clearer. 

This book deals with the latest achievements of cosmog- 
ony, its problems and prospects, using the simple lan- 
guage of school physics and astronomy. In fact, the basic 
ideas and hypotheses allow a demonstrative presentation 
without mathematical formulas, and we hope that the 
general reader, keen on science news, will be eagerly in- 
terested. 

This popular-science book follows our monograph Jn- 
troduction to Cosmogony (Nauka, Moscow, 1978, in Russian), 
which reviewed and analyzed the investigations of 
the authors and their colleagues and gave a general pres- 
entation of the modern science. of cosmogony. The prin- 
cipal ideas of the monograph are reflected in this book as 
well; furthermore, we added new material on recent star 
formation, the final stages of their evolution, and the 
role of neutrinos in cosmogony. 

We are deeply grateful to our colleagues V. A. Anto- 
nov, A. S. Zentsova, A. S. Zilbergleit, V. A. Ruban. 
E. A. Tropp, and A. Yu. Ushakov. A number of points 
and ideas presented in this book have been developed ir 
our joint research with them. 


Preface 


Wi 
L D. Novikoy ip Sincere gratitude to A. S. Zilbergleit, 
tea. the many A. Tropp, and A. V. Tutukoy, who 
Script and offered their helpful comments. 


Lek. Gurevich, A.D. Chernin 
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lar orbits, and the deviations from this circular motion 
do not exceed 20 km/s. The velocity of the general rota- 
tion of the spherical subsystem’s stars (around the centre 
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Fig. 2 

A diagram of the Galaxy’s structure. The points represent some 
of the globular clusters. The position of the Sun is marked with 
the sign ©, which can be found in ancient Egyptian inscrip- 
tions. 1—the spherical subsystem; 2—the disk; 3—the nucleus; 
4—the layer of gas-dust clouds; 5—the corona. The dimensions 
are conditional. The corona’s radius is really several times greater 
than the disk’s radius. 


of the Galaxy) in the vicinity of the Sun is at least five 
times less than that of the disk’s stars. The stars of the 
spherical subsystem follow elongated orbits, and their 
typical velocities are 2-3 hundred km/s. 

A considerable part of the disk’s stars is incorporated 
into various groups. No less than half of all stars are 
binaries, i.e. star pairs, and large formations are distant 
clusters containing up to a thousand stars attracted to each 
other by matual gravitation. The youngest stars of the 
disk and the clouds of gas and dust are located in the spi- 
ral arms, i.e. the wide and bright bands originating in the 
central area of the Galaxy. 

The distribution of stars in the spherical subsystem is 
more or less spherically symmetrical. About a thousandth 
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Chapter 4 


The Universe 


The age of the Sun is more than 5000 million years, the 
oldest stars in the universe are over 10,000 million years, 
and the youngest stars are being born and beginning their 
evolution right now in the clouds of gas and cosmic dust. 
Stars are incorporated into systems of various masses 
and dimensions: star pairs, groups, complexes, associa- 
tions, clusters, and galaxies. Galaxies are not at the top 
of the hierarchy of astronomical systems, for there are 
also galactic clusters and superclusters, the largest for- 
mations known so far in the universe. 

The history of cosmic structures spans 42,000-15,000 
million years, and the age of the universe is no less than 
45,000-18,000 million years. Prior to the formation of the 
present-day planets, stars, and galaxies, their matter was 
just hot hydrogen-helium plasma uniformly distributed 
throughout the universe. Many centuries of studies on the 
structure and evolution of celestial bodies, observational 
discoveries of the 20th century, and especially the discov- 
ery of the expansion of the universe and the microwave 
background radiation in it suggest certain ideas on the 
properties of the space medium in the prestar, pregalactic 
epoch, on the physical processes resulting in the formation 
of the observed’ structure in the universe, and on the con- 
tinuing cosmogonical process. 

The first chapter deals with the general outlines of the 
modern astronomical understanding of the universe and 
the principal ideas of cosmology, i.e. the science of the 
universe as a whole. 


Stars and Galaxies 


The Sun is one of the 100,000 million stars incorporated 
into our Galaxy, a gigantic star system which we can see 
in the sky as the white band of the Milky Way (Fig. 1). 
The Galaxy consists of a flat subsystem, which looks like 
a disk with a bulge in the middle, and the spherical sub- 
system, within which this disk is located (Fig. 2). The 
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part of them belong to large clusters containing up to a 
million stars and are called globular clusters (Fig. 3). 

Within both subsystems of the Galaxy, the number of 
stars per unit space increases towards the central area, 


Fig. 3 
A globula cluster in the Hercules constellation, 


ie. the Galaxy’s nucleus, which is a source of intense 
radio, infrared, X-ray, and gamma-ray emanation. 
nucleus also appears to be a source of gas emission. 

The luminosity of the Galaxy, i.e. the total enore 
radiated by all its stars per unit time, is 3X10” 1g 
This is about 100,000 million times that of the aaa 
luminosity (4x10 W), The total mass of the Galaxii 
stars is estimated at 2x10% g, which amounts to 100» 
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million Sun masses (2X10 g). Both astronomy and 
astrophysics widely employ the Sun mass and luminosity 
as a measure of the masses and luminosities of stars and 
star systems. 

It has recently been found that the Galaxy is surround- 
ed by an extended corona stretching dozens of times far- 
ther from the centre than the disk and the spherical sub- 
system. Tlie total mass of the corona is several times that 
of all the Galaxy’s stars put together, but because of large 
dimensions the corona’s density is much smaller than 
that created by stars and gas-dust clouds. The corona 
makes itself felt by its gravitation, but it doesnot emit any 
light, and there are neither stars nor clouds in it. The 
coronas surrounding galaxies and their “hidden masses” 
will be discussed in more detail in Chapter 6. 

There is a great number of other star systems in the 
universe, i.e. galaxies similar to our Galaxy. The gal- 
axies possessing a disk subsystem with a spiral pattern are 
called spiral. The famous Andromeda Nebula (see Fig. 17) 
is an immense spiral galaxy nearest to us. Its mass and 
luminosity are each two times those of our Galaxy. Other 
spiral galaxies are not so massive; most commonly their 
masses are 1000-10,000 million Sun masses, while their 
luminosities are 10-100 times less than that of our 
Galaxy. 

Besides spiral galaxies, there are elliptical galaxies, 
whose structure and star population are similar to the 
spherical subsystem Zof our Galaxy. There is practically 
no gas-dust matter or young bright stars in them. The 
largest elliptical g-laxies possess masses and uminosi- 
ties ten times those of our Galaxy. There are also dwarf 
elliptical galaxies with ‘nasses and luminosities ten 
thousand times less (see Fig. 46). An elliptical galaxy, in 
particular a very massive one, very often possesses a dense 
nucleus which is usually larger and more active than 
that of a spiral galaxy. 

There are also typically irregular galaxies. Their masses 
and luminosities are ten times less than those of our Gal- 
axy. Their star population is similar to that of the disks 
of spiral galaxies. However, the stars and considerable 
masses of gas-dust matter in them do not define a regular 
Structure and do not possess a pronounced general rota- 
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tion. Besides bright young stars, irregular galaxies.contain 
old and less bright stars (similar to those of the Galaxy's 
spherical subsystem), which also define a basically spher- 
ical structure. 

These three types of galaxies were first identified and 
investigated by E. Hubble and other astronomers during 
the 1920’s-1930’s. Galaxies of other types, not always 
falling into the original classification, have become known 
since that time. They include primarily the galaxies with 
active nuclei and considerable radio emission. The most 
extraordinary objects of this type are quasars, i.e. quasi- 
stellar radio sources, discovered during the 1960's. Stars 
cannot be detected there; they are either absent, or, which 
is more probable, they cannot be discerned against the 
colossal luminosity of a quasar’s nucleus, which reaches 
10%-10% W, i.e. tens of thousands of times greater than 
that of our Galaxy. This energy is radiated from areas 
4018-1018 cm in size, which is tens and hundreds of thou- 
sands of times less than the dimensions of our Galaxy. 
The radio emission of a quasar is comparable in its inten- 
sity to the optical emission, while its infrared radiation 
is often greater. There is a variety of quasars with low 
radio emission; such objects are called quasags, i.e. 
quasi-galaxies. 3 
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gas temperature reaches a hundred million kelvins, so 
the gas is in the state of plasma, i.e. it is ionized tosuch a 
degree that electrons are separated from nuclei. The mass 
of hot gas in clusters is comparable to the total mass of 
galaxies themselves. Judging by the dynamics of galaxies 
in clusters and the temperatures of the intergalactic gas, 
these systems contain three to ten times greater quantities 
of other matter, which only reveals itself by the gravi- 
tation it produces. These “hidden masses”, which have been 
mentioned above in connection with galactic coronas, 
will be discussed in Chapter 6. 

Groups and clusters of galaxies are distributed not quite 
randomly in the universe. The Local Group of galaxies 
includes our Galaxy, the Andromeda Galaxy, and about 
30 lesser objects. The Local Group and two or three other 
close groups of galaxies define a system called the Local 
Supercluster. This is a flat formation up to 50 Mpe in 
size; its plane is perpendicular to that of the disk of our 
Galaxy. The centre of the Local Supercluster is in the 
direction of the Virgin (Virgo) constellation, in a major 
cluster of galaxies at a distance of 20 Mpc from us. Other 
Superclusters are known to be 20 to 100 Mpc in size; 
their masses are 10° to 10!® Sun masses. 

Looking at a large-scale map of the sky where galaxies 
are just points, we can often see clusters of galaxies as 
extended chains, probably superclusters. The chains are 
connected and cross each other, producing a cell or honey- 
comb structure. Whether the cell “superstructure” is 
universal is yet to be verified by observations, but several 
cells have already been studied reliably. 

The hierarchy of space structures is topped by clusters 
and superclusters. No larger formations are found in the 
Metagalaxy. 

Counting the number of galaxies in great volumes of 

0 Mpe and more in size, which contain many clusters 
and superclusters, we can find their average concentration 
in space; knowing galactic masses, we can also estimate 
the average density of matter in such volumes. This den- 
Sity proves to be the same wherever we choose to take 
such a volume in space. According to present-day data, 
it is 3x 10-31 g/cm? or, in terms of hydrogen atoms, about 
one atom per 30 mè. 
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However, astronomical mass estimates are not very ee 
liable. The problem is complicated by the fact that i 
Sides the luminous matter in the galaxies there appeat 
exist considerable masses of matter in the space aroun 
them. We cannot observe these masses directly; possib 4 
they are gases or stars of low luminosity or even black holen 
they may also be neutrinos (if they possess a rest mass 
see Chapter 6). As we mentioned, hidden masses ond 
reveal themselves in their gravitation which influenoc 
the motion of galaxies in their groups and clusters. Te , 
gives ground to estimate the related average densi ak 
in the opinion of. J. E. Einasto and his colleagues of EE 
Tartu observatory (USSR), it may be two to three tim 
or even five to ten times greater than the average dens! 
of the observed galaxies. syot 

The fact that the number of galaxies and the density 
matter turn out to be uniform over sufficiently grena 
volumes, wherever these volumes may be taken, imp. a 
that the universe is homogeneous on the average if ae 
considered on a large-scale basis. This is one of the funda 
mental properties of the world around us. 


Cosmological Expansion 


Another fundamental property of the universe is its gener- 
al expansion. Observations show that clusters (and super- 
clusters) of galaxies, being at distances of 100-300 Mpc, 
move away from each other. This fact was established 
by E. Hubble in the late 1920's. 

It has long since been known that when a source of 
sound moves away from us, the frequency of the sound We 
hear decreases, and conversely, when the source moves 
towards us, the frequency increases. A similar phenomeno? 


occurs in the pro or any other electromag” 
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farther the galaxy, the greater the “red shift” of the arriv- 
ing radiation. It follows that galaxies move away from us, 
and the velocity of recession is greater, the farther away a 
galaxy is. However, our own Galaxy, where we carry out 
our observations, is not the centre of the universe, and we 
have apparently to assume that galaxies or, more accurate- 
ly, clusters of galaxies generally recede from each other 
rather than withdraw from us. 

If the distance between clusters is L, the velocity of 
their mutual recession v= HL. This relationship is 
called the Hubble law (or the law of redshift); H is the 
Hubble constant, and its value does not depend on the 
position of clusters in space. According to present-day 
estimates, H = 55-75 km/(s-Mpc). 

The instability of the universe was predicted by 
A. A. Friedmann, the founder of modern cosmology, sev- 
eral years before Hubble’s discovery. Proceeding from 
Einstein’s general theory of relativity, Friedmann devel- 
oped a model of a uniform universe, which proved to be 
unable to remain at rest and must be unstable. This insta- 
bility reveals itself in the recession of galaxies and their 
clusters. It occurs in such a manner that the general 
uniformity in the distribution of clusters (or superclus- 
ters) holds true. As theory shows, the preservation of 
uniformity demands that the velocities of the recession 
of bodies from each other be proportional to the distances 
between them; this is precisely what is found in astro- 
nomical observations. 

The velocities of the cosmological expansion are con- 
siderable. If a cluster of galaxies is at a distance of, 
for instance, a thousand megaparsecs from us, then, accord- 
ing to the Hubble law, it moves away from us with a 
velocity no less than 55,000 km/s. The farthest quasars 
recede with velocities scarcely less than the velocity of 
light, which is equal to 300,000 km/s. 

The expansion occurs at great velocities, while univer- 
sal gravitation, i.e. the mutual attraction between 
cosmic systems, struggles to turn the expansion into con- 
traction. The gravitation is greater if the masses of sys- 
tems are greater and the distances between them are less, 
and therefore the expansion depends on the density of matter 
in the universe. This density should be sufficiently large, 
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i.e. exceed a certain critical value (Fig. 4), for the gravi- 
tation to overcome the expansion. 

The critical density can be found by estimating the 
energy of recession by the observed velocities of the cosmi¢ 


Fig. 4 
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in the density stop? According to Friedmann, the density 
of the universe increases wilhout any limit in the past 
and becomes however great, or infinite, at a certain mo- 
ment. This moment is taken in Friedmann’s theory as the 
point of origin, or zero time. Anything “earlier” than this 
instant is beyond the Friedmann model, and the model 
cannot be applied to the very instant of zero time and 
infinite density either. 

The history of physics reiterates that when an infinity 
appears in theoretical models or formulas, this implies 
that there is a novel phenomenon fundamentally different 
from the one that the very models and formulas describe. 
For instance, an infinity appeared in aerodynamic formu- 
las when the velocity of a body approached the velocity 
of sound in the medium where the body moved; the resis- 
tance of the medium to such motion turned out to be 
infinite. This would mean that supersonic motion would 
be impossible. But we well know that aeroplanes can fly 
with velocities exceeding the velocity of sound in air. 
The point is that the aerodynamic formulas mentioned 
above described the resistance in a continuous medium, 
without abrupt jumps in density and pressure. However, 
the transition from subsonic to supersonic motion is 
associated with violating this condition: a shock wave 
appears in the medium in front of the body, and there 
occurs a jump in the density and pressure of the medium 
at the front of the wave. This phenomenon was taken into 
account. Aerodynamics was reviewed to include the case 
of the discontinuity of the medium, and the infinity 
disappeared from theoretical formulas: they gave correct 
and finite values for the resistance to supersonic motion. 

There is no doubt that the infinite density in cosmology 
implies that something specific should occur at the zero 
instant. It should have been a colossal phenomenon (the 
“Big Bang”) giving enormous velocities of recession to all 
matter in the universe. The nature of this phenomenon, 
i.e. the cause of the cosmological expansion, remains yet 
unknown. 

However, what occurred after the beginning of the 
cosmological expansion (at a finite although extremely 
great density), i.e. the dynamics of the cosmological ex- 
pansion, the physical processes in the expanding matter, 
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can be reliably investigated on the basis of general laws of 
physics and the Friedmann model, which is in keeping 
with them. 


Friedmann’s cosmology reveals the behaviour of the 
universe’s density in 


10-8 cm*/(g-s*)=7 x 49-11 N-m?/kg* 
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only one combination satisfying the consideration of 
dimensions, and this is the relationship of the Friedmann 
cosmological model. We shall deal with this relationship 
repeatedly. 


The Geometry of the Universe 


The properties of space and time cannot be given once and 
for all, they are not absolute but depend on the distribu- 
tion and motion of gravitating masses. This is the central 
idea of Einstein’s general theory of relativity and relativ- 
istic physics in general. Therefore space, uniformly 
filled with matter, should be uniform itself, i.e. every- 
where identical in its geometrical properties. If the proper- 
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ty of uniformity, which has been established in observa- 
tions of a part of the universe, encompasses the entire 
universe, we can make the reasonable assumption that 
there is nothing special about the observed part, and the 
universe is the same everywhere. 

Physical space is uniform, but it can be curved by the 
gravitation of matter. Three-dimensional space can be 
curved and become non-Euclidean, like two-dimensional 
surfaces, e.g. the surface of a sphere or a pseudosphere 
(Fig. 5), can be curved. Although any graphic representa- 
tion of curved three-dimensional spaces is difficult, a 
transition to them from curved two-dimensional surfaces 
can be imagined by proceeding from the transition from a 
plane (a Muclidean two-dimensional surface) to an ordinary 
Euclidean three-dimensional space, and by transfer- 
ring the properties of two-dimensional prototypes to their 
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Indeed, since the density of matter in the universe de- 
creases because of the cosmological expansion, we can 
only assume the average density of the universe to be the 
same everywhere provided that each part of the universe 
is considered at the same stage of expansion: this is what 
simultaneous” means in this case. Otherwise, a part 
would look denser, i.e. “younger”, and another part less 
dense, i.e. “older”, if we saw the first part at an earlier 
stage of expansion and the second part at a later stage. 
It can be said that the uniformity of density can only be 
revealed in a “snapshot” of the universe taken in such imag- 
inary “rays” that propagate instantaneously, with an 
infinite velocity, and this would be precisely the picture 
in which the universe on the whole would be uniform. 

Naturally, there are no instantaneously propagating 
waves or rays; any signal propagates with a finite veloci- 
ty, and the greatest velocity is that of light. What is the 
universe like if photographed in real light rays? 

Astronomers perform their observations in optical, 
radio, infrared, ultraviolet, X-ray, and gamma-ray ranges 
of electromagnetic waves. The waves show the pattern of 
the sky with a lag because they take a certain time to cover 
the distance between an observed object and an observer. 
We see the Sun with a lag of eight minutes. The light from 
the stars of our Galaxy travels for tens to hundreds of 
years, and light takes millions and hundreds of millions 
of years to travel to us from distant galaxies and clusters 
of galaxies. When an object is farther away, we can see it 
at an earlier epoch. The farthest objects are quasars, and 
we see them such as they were thousands of millions of 
years ago. While observing the distribution and motion of 
galaxies, their clusters, and superclusters, we learn their 
Properties such as they were very long ago. However, a 
difference of hundreds of millions of years is not very large 
on the scale of the universe: its expansion occurs at a 
rate such that the density of matter at the present stage of 
the universe’s expansion can only change considerably in 
thousands of millions of years. This is why the density of 
the nearby area of the universe, where galaxies can be 
observed, is uniform, the same everywhere. 

However, if we could see at greater distances, i.e. into 
the distant past, we would evidently find that the density 
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light during the time from the beginning of expansion, and 
each subsequent epoch includes more matter within the 
horizon. The parts of the universe within the limits of 
the present-day horizon, which is occupied by the visible 
galaxies, were earlier separated from each other by the 
horizon. The horizon separated them as an impenetrable 
wall, and they “knew nothing” about each other then. 
However, coming into the horizon now, they “discover” 
that their densities are identical. Why so? Why do the 
distribution and density of matter prove to be correlated 
in these different and remote parts of the universe? There 
has been no suitable answer to this question so far. One 
can only assume that the universe was uniform “from 
the very beginning”, and the cosmological expansion in 
each of its areas always occurred at the same rate. But 
what does it mean “from the very beginning”, and what 
was “before”? These are the questions which appear to be 
harder to answer than those concerning the causal rela- 
tionships in the universe. 


Relict Radiation 


Proceeding from the general laws of physics and Fried- 
mann’s theory of the cosmological expansion, G. A. Ga- 
mow assumed in the 1940's that very long ago the universe 
was both very dense and very hot. This idea was strongly 
supported by observations in 1965 when A. Penzias and 
R. Wilson detected microwave background radiation. 
The evidence showed that the entire universe is filled 
with radio waves in the millimetre range, propagating 
uniformly in every direction. 

The quantum theory has long since established that any 
electromagnetic radiation has both wave and corpuscular 
properties, thus reconciliating the opponents in the long- 
standing dispute. Cosmic radio waves can also be regarded 
as a population of particles, quanta” of electromagnetic 
radiation called photons. This “photon gas” uniformly 
fills the entire universe. The temperature of the photon 
gas is close to absolute zero: it is about three kelvins. 
But the energy it contains is greater than the light energy 
radiated by all stars combined during their life spans. 
There are about 500 quanta of radiation per each cubic 
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of quanta, the contribution of relict radiation to the total 
mass of the universe is less than that of stars and galaxies. 
At present, the density of radiation amounts to 3 x 
10-54 g/cm?, which is about a thousand times less than 
the average density of matter in galaxies. 

But this has not always been so: there was a period in 
the history of the universe when photons made the major 
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contribution to its density. The point is that during the 
cosmological expansion, the density of radiation declined 
faster than that of matter. The concentration of photons 
decreased in the process (at the same rate as the concentra- 
tion of material particles), but the average energy of a 
photon declined as well because the temperature of the 
photon gas dropped during the expansion. The density of 
radiation energy is the product of the average energy of a 
quantum and the concentration of quanta; the mass density 
of radiation is derived by dividing the density of energy 
by the square of the velocity of light. The density of ra- 
diation during the first million years of the cosmological 
expansion exceeded the density of matter (Fig. 6). During 
this early epoch, which can naturally be called the epoch 
of radiation prevalence, the gravitation of the cosmic 
medium and therefore its entire dynamics were controlled 
by radiation. The density of the universe was about 3x 
10-22 g/cm? at the midpoint between the epoch of radia- 
tion prevalence and the epoch of matter prevalence. 

Cosmological theory gives a law according to which 
every distance and length in the universe change. First, 
distances and lengths increase proportionally to the square 
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root of time, but then, past the moment of equal density 
of matter and radiation, they increase faster, as time to the 
power 2/3. During both these epochs, the cosmological 
expansion occurs with a deceleration due to the gravita- 
tion of the medium itself. The recession velocities of cos- 
mic bodies would evidently be constant without this 
deceleration; but then distances and lengths would change 
in proportion to time. However, the actual expansion is 
always slower than in direct proportion to time. . 
Imagine a sphere in the universe filled with some given 
particles. The sphere’s radius will increase with time 
according to the law mentioned above. The total mass of 
the particles (more accurately, their rest mass) does not 
change during the cosmological expansion. But the total 
mass of photons, i.e. the total m 
in inverse proportion to the r 
density of matter drops in inverse proporti 
of the sphere, i.e. the cube of its radius. 
of the photons within the sphere varies according to the 
same law. Therefore the ratio of the mass (density) of 


decreases during 
pansion in inverse proportion to the radius of the 
: ally to every length and distance in the 


namic equilibrium 
and the currently existing r 
terial particles, the compo 
were established. Besides Photons, there also existed the 
neutrino gas in this equilibri i 
of neutrinos being almost tl 
Just as photons, neutrinos wi 
epoch, and although they ¢ 
there 1s no doubt that relict neutrinos really exist. Accord- 
ing to a hypothesis, the “hidden mass” revealing itself 


Relict Radiation 29 


in the dynamics of the motion of galaxies and their 
clusters consists of neutrinos. 

Neutral atoms could not exist at the high temperatures 
mentioned above, and composite atomic nuclei could 
not exist either; the environment was a mixture of ele- 
mentary particles such as neutrons, protons, electrons, 
neutrinos, photons, etc. Thermal motion did not allow 
neutrons and protons to join and become bonded by nuclear 
forces, and accidental nuclei were immediately split 
by colliding particles. The temperature was falling during 
the expansion, and the formation of nuclei became possible 
3-5 minutes after time zero, when the temperature 
declined to 10° kelvins. 

The theory of the formation of chemical elements in 
the early universe, also called the theory of initial nucleo- 
synthesis, is a major achievement of cosmology. Most 
protons remained free, and the protons which did not 
form complex nuclei determined the overall spatial 
concentration of hydrogen, the lightest element, the nu- 
cleus of whose atom is a proton. Hydrogen amounts to 
70-75 mass per cent of the universe. Helium, the element 
following hydrogen in Mendeleev’s periodic table, took 
almost all protons left and the same number of neutrons 
(there are two protons and two neutrons in the nucleus 
of a helium-4 atom, the principal helium isotope). He- 
lium amounts to about 25-30 mass per cent of the universe. 
Other nuclei, those of heavy isotopes of hydrogen 
(deuterium and tritium), the light helium isotope (He-3), 
and even nuclei of such light elements as lithium, beryl- 
lium, and boron, were produced in quantities of no more 
than several hundredths of one per cent. Heavier nuclei 
could not be formed in this process which lasted about a 
quarter of an hour. They appeared much later, in nuclear 
reactions within stars. 

The ratio between hydrogen and helium indicated by 
the cosmological theory of element formation is in close 
agreement with astronomical data on the chemical com- 
position of the atmospheres of the oldest stars where, as 
we may assume, the “primary” matter of which these 
stars were formed prevails. 

The first calculations of cosmological nucleosynthesis 
were performed towards the late 1940’s, long before the 
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discovery of relict radiation. The agreement of the re- 
sults on the cosmic abundance of hydrogen and helium 
made it possible to predict at that time the expected tem- 
perature of the present-day relict photons; Gamow’s 
estimates showed that it should be between one and ten 
kelvins above absolute zero. The actual temperature, 
three kelvins, is exactly within this range. 4 
More details on the diverse physical processes during 
the earliest stages of the cosmological expansion can be 
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hydrogen. The recombination of helium had taken place 
somewhat earlier: each helium nucleus joined two elec- 
trons and formed a neutral atom of helium. The transfor- 
mation of the ionized medium, the primordial hydrogen- 
helium plasma, into a gas of neutral atoms was coinci- 
dent (it is yet unknown whether accidentally or not) 
with the transition from the epoch of radiation prevalence 
to the epoch of matter prevalence. 

Before recombination, radiation and ionized matter 
interacted electromagnetically and were in a thermody- 
namic equilibrium. After recombination, the interaction 
between radiation and neutral matter was no longer pos- 
sible. The state of equilibrium between them also came 
to an end, and matter, which was cooling faster than ra- 
diation during the cosmological expansion, later pos- 
sessed a lower temperature than that of the photon gas. lt 
was only after recombination that the remaining photons 
turned into relict photons. 

Following the recombination epoch, the formation of 
the observed cosmic structures began in the universe. 
We are going to deal with these structures in the next 
chapters. 


Chapter 2 


The Origin of the Large-Scale Structure 
of the Universe 


clei. 
However, the com 


formity anc isotropy on all scales were impossible. Some 
deviations from uniformity and isot 


This chapter deals with the prestar, pregalactic struc- 
ture of the universe, its evolution throughout the general 


cosmological systems, i.e. clusters and superclusters of 
galaxies, 
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300 Mpe; this follows from counting stars and galaxies in 
sufficient volumes of space: the number of stars or gal- 
axies in any volume of large enough size is the same wher- 
ever the volume is selected. 

Cosmology points out that all matter in the universe 
expands. This is only relevant to large volumes, 100- 
300 Mpc (and larger) in size. But within these volumes, 
stars and galaxies “do not notice” the cosmological expan- 
sion. No expansion related to the general expansion of 
the world occurs in stars and star systems; the same 
applies to our solar system. 

Astronomical objects, from planets to clusters of gal- 
axies, “do not remember” that long ago their matter was 
much denser and hotter, that it was then uniformly mixed 
in space, and that it expanded as everything else. The 
formation of astronomical systems required the suppres- 
sion of this general expansion in certain volumes of the 
medium. The only force capable of performing this was 
the gravitation produced by the very matter of the uni- 
verse. 

The force of gravitation tends to bring bodies or mate- 
rial particles closer—always and everywhere. It operates 
throughout the universe, and this is why it has been called 
universal since Newton’s time. We do not know why 
the general recession of cosmological systems occurs, but 
there is no doubt that since the first instants of the cosmo- 
logical expansion, universal gravitation interfered with 
this expansion and strove to suppress it. Gravitation 
failed to stop the expansion of the universe: the initial 
push was too strong; but gravitation did succeed in limit- 
ed regions of the universe, although they are very great 
in size and mass. 

The age of our Galaxy as a star system is close to the 
age of its oldest stars estimated at 10,000-12,000 million 
years. Evidently, the process of the formation of the ob- 
served astronomical bodies started 12,000-15,000 million 
years ago, about 1000-3000 million years after the begin- 
ning of the expansion. 

But what did it begin with: the smallest or the largest 
bodies? There are many indications that huge masses of 
matter commensurate with those of clusters and super- 
clusters of galaxies were the first to drop out from the cos- 
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mological expansion. Then the process of the fragmentation 
of these masses began and the entire hierarchy of astro- 
nomical systems was gradually built up within them. 
This is Ya. B. Zeldovich’s viewpoint. It gives a forma- 
tion pattern of the large-scale structure of the universe, 
which appears to be the most detailed, elaborate, and 
convincing. We shall deal with it below. í 
Another viewpoint assumes the initial appearance a 
smaller bodies which later joined each other and formen 
larger bodies. This idea is upheld by J. Peebles an 
R. Dicke. They suggested that the first objects in the 
universe could have been bodies of about a million Son 
masses, Step by step, joining each other, they forme 
galaxies, and the union of galaxies produced their clusters. 
ome of the original bodies are preserved and appear as 


the globular star clusters known both in our Galaxy and in 
other galaxies, 


Gravitational Instability 


That the gravitation of the medium itself played the prin- 
cipal role in the formation of astronomical bodies was felt 
long before modern cosmogonical research. Isaac Newton 
was the first scientist to indicate this. 

On 10 December 1692, Isaac Newton wrote to Richard 
Bentley, the rector of the Trinity College at Cambridge, 


“It seems to me, that if the matter of our sun and 
planets, and all the matter of the univ 


Scattered throughout all the heavens, a 
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In this famous cosmogonical outline, Newton divided 
the problem into what is subject and what is not subject 
to scientific research and explanation. The problem why 
stars (the luminous matter) are luminous and planets 
(the dark matter) are not was considered by him to be 
not subject to research. This was really a difficult prob- 
lem, and it was only two and a half centuries after Newton 
that the source of luminosity of stars and the Sun was 
finally revealed and explained. It was necessary to devel- 
op nuclear physics along with quantum mechanics and 
the special theory of relativity to understand this in full. 

However, the first aspect of the many-sided problem, 
the formation of celestial bodies from uniform matter, 
was revealed by Newton in principle. The very idea of the 
universe evolving owing to natural physical laws is re- 
markable. Today we can directly observe the evolutionary 
processes in astronomy on the surface of the Sun, in com- 
ets, stars, pulsars, and the nuclei of galaxies. However, 
in Newton’s time there were no real indications of any- 
thing of the sort. The idea and the mechanism of cosmolo- 
gical evolution were born out of Newton’s law of universal 
gravitation, and they proved to be valid for the entire 
development of cosmogony. Gravitation shaped the 
cosmological structure, and its further complication and 
differentiation gave rise to an evolution of another kind, 
the result of which was that matter existing 12,000- 
15,000 million years ago in a state of uniformly distrib- 
uted plasma reached higher level of organization, and 
life appeared in the universe, and then the human intel- 
lect evolved, which was capable of studying its cosmo- 
logical prehistory, among other things. 

The mechanism of the formation of celestial bodies 
from uniformly distributed matter operates, according to 
Newton, owing only to gravitation; no other forces, if 
any, can prevent gravitation from exerting its influence. 
Considering uniform matter, there should be no forces 
capable of counteracting gravitation. The force of pres- 
sure, for instance, appears only where there is a nonuni- 
formity, a drop in pressure between two sites. Gravi- 
tation in a star is actually balanced by pressure because a 
star is nonuniform: the pressure in its centre is greater 
than that at the surface. However, any uniform gravitat- 
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ing medium cannot be at rest: this is Newton’s original 
idea. A medium cannot be at rest when there is an unbal- 
anced force of gravitation. Such a state is unstable. 

The first attempt to develop Newton’s idea was made 
by J. Jeans towards the early 20th century. In his book 
Astronomy and Cosmogony, Jeans published Newton's fa- 
mous cosmogonical letter (the above quote is from this 
book) and explicitly indicated that the key mechanism of 
the formation of celestial bodies is the gravitational 
instability of a uniform medium, 


is new increase in the density, 
the gravitation becomes Stronger, etc. Once started, such 
a process continues and develops by itself, causing ever 
increasing deviations from the initial state. This phe- 
nomenon is called instability, 

J. Jeans noticed that a factor impeding the develop- 
ment of gravitational instability is the elasticity of a 
medium: a contraction a 


t a given site of the medium brings 
about greater pressure, and 


the force of pressure, appear- 
ing because of the difference 
condensation and its Vicinity, 
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tional to the velocity of sound. And most commonly the 
critical length is expressed through the velocity of sound: 
ul} Gp. Here u is the velocity of sound, p is the density 
of the medium, and G is the gravitational constant (re- 
call its value: G=6.7x10-§ cm*/(g-s?)). 

For instance, if the density of a medium is 3 x 10-** g/cm? 
and the velocity of sound in it amounts to 6 km/s (these 
were the conditions in the universe during the recombi- 
nation epoch and we shall come back to them below), then 
the Jeans length equals 2x 10” cm. An area of such dimen- 
sions at the indicated density contains a mass approxi- 
mately equal to a million Sun masses. 

Along with the Jeans length, we shall often resort in 
our considerations to the Jeans mass, i.e. the mass of 
matter in a sphere of radius equal to the Jeans length. 

The idea of gravitational instability was reestablished 
in Jeans’ theory both too late, two centuries after New- 
ton, and too early, before Friedmann’s cosmology. In 
Jeans’ theory, limited volumes of a uniform medium con- 
tract; there may be a however great number of such vol- 
umes, and the behaviour of each of them does not depend on 
the others. But the entire infinite uniform medium is at 
rest. It is quite obvious that such a rest is infeasible: 
the force of gravitation acts upon the entire medium, and 
this force is not balanced by anything. 

A consistent theory of gravitational instability was 
developed in 1946 by E. M. Lifshits proceeding from Fried- 
mann's cosmology. This theory treats thoroughly the 
behaviour of weak contractions and generally any small 
perturbations in a uniform expanding medium. The dis- 
covery of relict radiation introduced new essential compo- 
nents in Lifshits’ theory, and currently this theory is a 
reference point for all researches, hypotheses, and cosmo- 
gonical schemes worked out to explain the nature of the 
large-scale structure of the universe. 

Gravitational instability operating in a uniform expand- 
ing medium reveals itself in that separate volumes whose 
densities prove for some reason a little greater than the 
general density of the medium expand more slowly than 
the medium as a whole. This is evidently caused by grav- 
itation, which is stronger in such volumes and therefore 
more effectively impedes the expansion. Although the 
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densities of both perturbed volumes and the entire medium 
decline with time, the perturbed volumes lag ever more 
behind the general expansion, and therefore the difference 
in the densities increases (Fig. 8). 

According to Newton and Jeans, the process developed 
from the state of rest, and the denser volumes contracted; 
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Fig. 8 

Gravitational instability in the expanding universe. (a) The 
size of a perturbed volume (dotted line) increases more slowly than 
the size of the identical volume in an “unperturbed” medium 
(solid line). (b) The density of a perturbed 


volume (dotted line) 
declines more slowly than the density of the medium as a whole 
(solid line). 
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when the expansion in these volumes halts and therefore 
they “drop out” from the general cosmological expansion. 
As to proper motions, the halt means that the proper veloc- 
ities of the denser volumes become identical to the veloc- 
ity of the regular expansion. This implies that weak 
perturbations transform into strong perturbations. New 
interesting processes come into play, and we shall deal 
with them below. 

Lifshits’ theory makes it possible to determine how 
much time it takes for a given perturbation to transform 
from a weak into a strong one. Density perturbations are 
usually characterized by a relative value, i.e. the differ- 
ence of densities in the perturbed volume and the entire 
medium divided by the density of the medium. This 
relative value of density perturbations increases in propor- 
tion to time during the first million years after the begin- 
ning of the expansion, and later (after the recombination 
epoch) in proportion to time to the power 2/3. While the 
aye of the universe grew within the first million years, for 
instance, a thousand times, the relative value of density 
perturbations increased a thousand times as well, but 
later the same duration of time only resulted in a hundred 
times gain in density perturbation. 

A density perturbation becomes strong when its rela- 
tive value approaches unity, i.e. when the density in a 
condensation is about twice that of the medium. According 
to what has been presented at the beginning of this chap- 
ter, the epoch of strong perturbations is the time of the 
separation of the first condensations corresponding to the 
world age of 1000-3000 million years. It is easy to calcu- 
late that during the time from the age of one second (i.e. 
from the epoch starting from which we can reliably use 
ordinary physics to describe the universe) to 3000 million 
years, the relative value of perturbations increased no 
more than 10" times. 

This increase implies that when the world was one 
second old, the metagalactic medium should have pos- 
sessed perturbations whose relative value was no less than 
10-17. Therefore the theory indicates the condition of 
weak “triggering” perturbations existing in the universe 
long ago; it suggests the degree to which the cosmic me- 
dium was perturbed during the epoch. And we see that 
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density perturbations were very weak indeed when the 
universe was one second old. 

However, they were not too small: compare these per- 
turbations with thermal fluctuations in a medium. Ther- 
mal fluctuations always occur when the temperature of a 
medium is not absolute zero, They appear because random 
thermal motion of particles (recall Brownian motion) 
can accidentally lead to an increase in the density of par- 
ticles in some volumes of the medium and a decrease in 
others. 

Note that in Jeans? theory it was precisely thermal 
fluctuations of the medium that were given the role of 
the initial triggering of gravitational instability. 

Proceeding from the general relationships of thermody- 
namics, we can find the characteristic values of density 
fluctuations encompassing a given number of particles. 
These characteristic values do not depend on temperature 
(it is only required that it is above absolute zero) and are 
only expressed through the number of particles involved 
in the fluctuation. The relative value of such fluctuation 
density perturbation equals the reciprocal of the square 


Ippose we are interested 


in a fluctuation involving a number of particles such that 


is contained in a galaxy. There are about 10% particles 
in our Galaxy. The relative value of fluctuation density 

is number of particles amounts to 
10-4. As we see, this is many times less (refined calcula- 
tions only increase the difference) than the perturbations 


n the universe at the age of 
one second. 


Hence a very essential conclusion follows: the initial 
perturbations intensified by gravitational instability 
should be much greater than the level of thermal fluctua- 


cture existing in the 
and galaxies appeared. 

al structure is one of the most 
It is currently treated on the basis 


deas unifying the concepts of both 
the general theory of relativity and the quantum theory. 
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The origin of initial perturbations is most likely due to 
the same processes which brought about the cosmological 
expansion itself; however, we have learned too little about 
it so far. 

It is noteworthy that we can make definite conclusions 
on the pregalactic structure which existed as early as the 
first seconds after the beginning of the cosmological ex- 
pansion. The further evolution of the structure, up to the 
stage of strong perturbations, can be studied in appropri- 
ate detail. 


Pregalactic Structure 


The modern theory of gravitational instability operates 
with the critical Jeans length, just as the initial Jeans’ 
theory did. The Jeans length even retained its expression 
through the velocity of sound and the density of the me- 
dium (sce above). This is understandable: the Jeans length 
appears in the considerations of the role of pressure and 
gravitation in the medium, and these considerations are 
so simple and natural that they do not require a knowledge 
of the general picture of gravitational instability. 
Very essential is that the relationship between the size 
of perturbed volume and the Jeans Jength in an expanding 
medium changes with time. We shall see below that the 
Jeans length increased in proportion to time from the 
beginning of the expansion during the epoch prior to the 
recombination of cosmic plasma. However, the size of 
perturbations only increased in proportion to the square 
root of time, as follows from the general law governing 
distance changes in an expanding universe. (The size of 
the condensations intensified by gravitational instability 
increased even more slowly because the expansion of the 
condensations lagged behind the general cosmological 
expansion.) While the size of perturbations during some 
earlier period exceeded the Jeans length, it could have 
become less than the Jeans length later. Then gravitation- 
al instability in this volume would have ceased, and 
theory shows that the perturbations with characteristic 
lengths less than the Jeans length transformed into pul- 
sating condensations and rarefactions similar to sound 
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waves in a medium. The amplitude of such waves did not 
vary during the course of the general expansion (prior to 


the recombination epoch), whereas the wavelengths 
increased. 


any rest mass, and 
zero. However, they 
related to a certain mass. This is b 
mula E=Mc? M with an energy E, 


» any energy F is associated with a mass M. 
Mass and energy are direct] 


tionality factor being the s 

Radiation prevailed i xture of cosmic plasma 
and radiation, and the elasticity of the medium and the 
pressure in it depended on 


elocity in 
ght with which 


re of plasma) is 
f light: u=c/V 3. 
ty of sound 


total densit um, i.e. the total of the 
densities of matter and radiation 


Pregalactic Structure 43 


beginning of the cosmological expansion to the given 
moment: ct. 

We can see that the Jeans length in the early universe 
is identical (within the same accuracy) to the distance to 
the horizon of the universe: the distance to the horizon is 
the path traversed by light during the time from the begin- 
ning of the cosmological expansion to the present. Grow- 
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ing perturbations in the hot universe of the first million 
years reach beyond the horizon. There can be no causal 
relationship between the boundaries in a condensation 
of such a size: a boundary “does not know” what occurs 
at the opposite end. But gravitational instability acts 
at the same rate within the entire volume of a condensa- 
tion, and therefore enhances each perturbation as a whole. 
In fact, this situation is the same as in the entire universe: 
the size of the universe is greater than the distance to the 
horizon, there is no causal relationship between the uni- 
verse and the areas beyond the horizon, and nevertheless 
the entire universe expands at a regular rate identical in 
all its areas. Loe 

To investigate gravitational instability in the early 
universe, it is essential to know how the Jeans mass, i.e. 
the mass of matter within a volume of the Jeans length, 
varies from one instant to another. The temporal varia- 
tion of the Jeans mass is presented in Fig. 9. This mass 
was relatively small, less than the Sun mass, when the 
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universe was one second old. However, it increased aoe 
ly during the expansion, and when the universe isk ic of 
million years old, it amounted to an immense 7 that 
1018 Sun masses, which is a thousand times greate eee 
the mass of the greatest cluster of galaxies. The poy er 
implies here the mass of matter or the mass of 7 ma it 
particles within a volume of the Jeans length radiu a 
does not include radiation: radiation would be gone, 3 a 
galaxy or a — of galaxies would only be forme 
f plasma particles. it 
: Kis perturbation encompassing as many plasma oa 
cles as there are in a major cluster of galaxies with am a 
of 10° Sun masses exceeded the Jeans length at almo 
any time (see Fig, 9). T 
The Penta i plasma occurred when the u 
verse was one million years old, and it resulted in i 
abrupt change of physical conditions in the metagalact i 
medium. Prior to this, matter had been in the state 0 
plasma, and electrons had been separated from 10a 
mainly protons, by thermal motions; however, the gono 
cooling of the medium during the cosmological oe pee 
gradually weakened the thermal motions. Finally, be 
temperature dropped to 3000 kelvins, and electrons cou 


join ions and form neutral atoms. It is very essential that 
recombination stopped the intera 
and matter, and that m 


After recombination, radiation and matter behaved in- 
dependently, Th 


ontrols the velocity of sound in the 
gas. At a temperature of 


ion epoch is estimated at 3x10-2 g/cm’. 
We have already given f 
such values of the velocity of sound and the density 0 
the medium and found it equal to a million Sun masses. 
The drop in the Jeans mass after recombination from 10 

to 10° Sun masses is shown in Fig. 9 


During the post-recombination epoch, perturbations in 


Pregalactic Structure 45 


masses exceeding a million Sun masses were caused by 
gravitational instability at the same rate. Figure 10 
shows the temporal variation of the relative value of den- 
sity perturbations on the scale of 10’ Sun masses, cor- 
responding to a cluster of galaxies. 

During the period when gravitational instability was 
inoperative on the given scale, condensations exhibited, 
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Fig. 10 

The growth of perturbations in the hot universe. The relative 
density perturbation grows with time if the mass of a perturba- 
tion exceeds the Jeans mass. If the mass is less than the Jeans 
mass, the density perturbation does not increase; it oscillates 
with a constant amplitude. The damping of perturbations on the 
scales less than the scale of the largest clusters of galaxies is disre- 
garded (see text). Logarithmic scales along both axes. 


as it has been mentioned, oscillations of density, whose 
amplitude was constant. This is shown in Fig. 10. 
Large-scale perturbations have the advantage of virtu- 
ally not being subject to dissipative processes. Dissipa- 
tive processes are related to the viscosity and thermal 
conduction of the medium, tending to smooth out any 
perturbations in the medium and convert the related ener- 
gy of proper motions into heat. These processes do not 
affect the general cosmological expansion because the me- 
dium remains uniform, and there is no sliding of layers 
onto other layers. However, density perturbations can be 
subject to their effect. Heat conduction is very essential 
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during the early epochs of the cosmological Pr 
During the prerecombination epoch when Pa] he 
radiation were closely interrelated, they nebat a 
single medium. Both plasma particles and ra shad 
photons participated in density perturbations aie 
by gravitational instability. These joint pertur H a 
of plasma and radiation are called adiabatic pertu a 
tions. The density and temperature of adiabatic aon ; : 
tions were greater than those of their environment. Tha 
drop in temperature always induces a flow of heat uon a 
hotter area into the cooler area. Heat transfer in a mediu 
which w. He 
out best by photons: they “leaked” from the areas of co ; 
cess heat with them. The sam 
icles, but photon, or radiative 
heat transfer was more effective: first, photons prevailed 
both number and density; sec 
the areas of condensation more 
ions. The escaping photons 
ions along, and therefore the 


heat transfer smoothed out the dr 
also damped the adiabatic densi 
cosmic mixture of m 


characteristic length of a perturbation, the greater is 
this effect. This i 


is related simply to the fact that the 
-size condensations sooner 
The result was that, by 
the action of the radiative 
, every adiabatic perturbation con- 
taining a mass of less than 1015 Sun masses had been 
eliminated. 
This is a ver 


adiabatic perturbations that s 


ain by the assumption of the 
iabatic Perturbations, and this 
elopment of gravitation 
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al instability brought about the separation of condensa- 
tions of 10%* Sun masses (and greater) during the post- 
recombination epoch. 


Entropy Perturbations 


And still, the “survival conditions” for a perturbation in 
the universe were not so severe as they might seem. The 
point is that joint perturbations of plasma and radiation 
(the adiabatic perturbations discussed above) belonged to 
one of the two types of weak density perturbations in 
the early universe. Perturbations of the other type in- 
volved only material particles: these are condensations 
and rarefactions of plasma against the background of com- 
pletely uniform radiation. These are called entropy pertur- 
bations, and they were investigated during the 1950’s 
by L. E. Gurevich and A. I. Lebedinsky in massive stars 
with great radiative pressure. In 1966, Ya. B. Zeldovich 
drew attention to the essential role of entropy perturba- 
tions in the cosmology of the hot universe. 

Plasma nonuniformities were, as it were, “frozen” in 
the “unperturbed” background of radiation, and they 
neither dissipated nor were intensified during the entire 
first million years when matter remained ionized and 
closely interrelated with radiation electromagnetically. 

Since the concentration of photons did not exhibit any 
perturbations and was the same both within and without 
condensations, there was naturally no flow of photons from 
condensations outwards, and therefore the radiative heat 
conduction did not take place. Gradual decay of plasma 
condensations only occurred in the smallest perturbations; 
but this is how condensations of about one Sun mass 
could disappear, while condensations of larger sizes re- 
mained perfectly unchanged by the recombination epoch. To 
be more accurate, it has to be said that the relative density 
perturbation, i.e. the ratio of the density excess in a con- 
densation to the “unperturbed” density of plasma, remained 
unchanged, while each condensation as a whole par- 
ticipated in the general cosmological expansion and its 
dimensions increased just as every other dimension in 
the expanding universe did. 

The recombination put a stop to the interaction between 
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matter and radiation. The earlier entropy perturbations 
yielded condensations of neutral atoms, and these conden- 
sations could then be intensified by gravitational insta- 
bility without hindrance. It was only necessary that the 
size of a perturbation exceed the Jeans length. As has 
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peon mentioned above, the Jeans length reduced rapidly 
uring the recombination epoch, and a volume of com- 
pees pizo contained about a million Sun masses. 
$ aa tiare] instability controlled these perturbations 
as 1l always had: it tended to decelerate the expansion. It 
per ee to perturbations, and 
: 2 against the velocity of the cosmologi- 
Pe ranri, These proper velocities increased with 
» and therefore the condensations lagged behind the 
a oe expansion of the medium at an ever greater pace. 
roper motions were Superimposed, as it were, on the 
regular general expansion; they could be characterized by 
arelative value, the ratio of the Proper velocity of a given 
perturbation to the regular velocity of the expansion 
within the same volume. The behaviour of the relative 
density perturbation and the relative velocity of the prop- 
er motion of a condensation brought forth by the initial 
entropy perturbations is shown in Fig. 14. Prior to the 
recombination, the relative density ‘perturbation was 
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unchanged, while condensations did not possess any prop- 
er velocity. After the recombination, density perturba- 
tions grew and proper velocities appeared. Both relative 
values varied according to the same regularity (in propor- 
tion to time to the power 2/3) after the initial rapid in- 
crease in the velocity to comply with density perturba- 
tions. 

In 1968, J. Peebles and R. Dicke assumed, that the en- 
tire observed structure of the universe appeared from orig- 
inal entropy perturbations. Proceeding from this, they 
developed a rather detailed hypothesis presenting the 
sequence of events from the recombination epoch to the 
recent epoch. They assumed that the relative density 
perturbation on the average increased as the mass of a 
primary condensation of plasma “frozen” into background 
radiation decreased. The dependence of the size of pertur- 
bations on their masses or characteristic length is called 
the perturbation spectrum; if perturbations on larger 
scales are weaker than on smaller scales, they are said to 
have a falling spectrum. 

The falling spectrum of perturbations in the hypothesis 
of J. Peebles and R. Dicke implies that the first conden- 
sations capable of separating and withdrawing from the 
general cosmological expansion could have had masses 
comparable to a million Sun masses. Taking into account 
their mass, these were the condensations least intensi- 
fied by gravitational instability after the recombination; 
the initial value of density perturbation in them was 
greater than in any other large condensation. Gravita- 
tional instability turned these condensations into rather 
dense clouds of more or less regular spherical shape. 

The further evolution of each cloud was accompanied 
by gradual cooling (predominantly owing to the excita- 
tion and radiation of hydrogen molecules, which appeared, 
although in small numbers, in neutral atomic hydrogen 
after the recombination). The cooling made possible the 
fragmentation of gas clouds into smaller condensations, 
or protostars. In the end, the clouds turned into a cluster 
of stars whose mass, shape, and size were similar to the 
present-day globular star clusters. According to J. Peebles 
and R. Dicke, this was the pattern of origination of the 
globular clusters in our Galaxy and in other galaxies, 
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(The processes of fragmentation and star formation are 
treated in detail in Chapter 4.) ; x 
Gravitational instability, owing to which globu a 
clusters are formed, also acts on larger scales. It develop 
in the “gas” whose particles make up these star aera 
This is why globular clusters collect into galaxies, an 
galaxies are then accumulated into clusters of galaan, 
Observational data on the star composition of globula 
clusters indicate that they are the oldest formations in 
the universe. This was the starting point for the hy pothe 
sis that J. Peebles and R. Dicke offered. Although gal- 
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offered by J. Peebles and R. Dicke. However, a number 
of other essential i 
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ese clusters vary in their prop- 
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tergalactic space, this is not in 
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cosmogonical hypotheses. Produced on the basis of astro- 
nomical data and physical theory, such an evolutionary 
scheme is capable of revealing the possible succession 
of events resulting in the observed cosmological struc- 
ture. This is not the only hypothesis, but rather one of 
a number of them; each of these hypotheses takes an astro- 
nomical fact or a physical process as a key point, but 
the choice remains ambiguous. This also refers to the 
hypothesis of strong hydrodynamic motions we are going 
to treat in detail below (and which we support). 

In 1919, J. Jeans wrote, “In the present state of our 
knowledge any attempt to dictate final conclusions on 
the main problems of cosmogony could be nothing but 
pure dogmatism.” Astronomical knowledge has increased 
immensely since that time, and theoretical physics went 
through enormous upheavals, but nothing can cancel 
what J. Jeans said. 

Returning to entropy perturbations, let us note that it 
is not at all necessary that they are associated with the 
falling spectrum as asserted by J. Peebles and R. Dicke. 
It is also quite possible to assume that the greatest values 
of density perturbations belonged to condensations cor- 
responding in their mass to the largest astronomical 
systems, viz. clusters and superclusters of galaxies, rather 
than to the smallest-scale condensations. Then these 
major condensations should have been the first to sepa- 
rate in the form of the gigantic clouds later disintegrating 
into smaller fragments. 


Initial Perturbations and 
the Relict Background 


Having studied the behaviour of both adiabatic and en- 
tropy weak perturbations in the early universe, we should 
ask the question: What was the actual prestar, prega- 
lactic structure? Were its elements adiabatic or entropy 
perturbations or maybe a certain combination of them? 

It is impossible to answer these questions proceeding 
only from theoretical deductions. In principle, theory 
allows for very different versions of cosmogonical schemes, 
and the choice between them can only be made on the 
basis of observational astronomical criteria. This is 


ae 
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why observational data on relict radiation are very es- 
ntial. 3 

5 Relict radiation “tore away” from matter during a 

recombination epoch, and therefore it carries informati 
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i hotons, we “photograph” the early universe. i 
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should be tenth fractions of one per cent, i.e. such that 
would have been immediately noticed with the RA- 
TAN-600. 

The null result of these observations does not mean 
that there are no angular variations in the relict back- 
ground at all; the sensitivity of the instrument only sets 
the upper bound to their value. If observations become 
more refined, this bound is extended and becomes more 
informative, and thus this theory gains a new impetus 
for further development rather than becoming invalid. 

It turned out that the strict observational bound could 
be satisfied by a theoretical scheme where the pregalactic 
structure had been produced by entropy perturbations 
rather than adiabatic perturbations. In contrast to adi- 
abatic perturbations, entropy perturbations only concern 
plasma in the early universe where the radiation remained 
uniform. This could result in the relative weakness of 
the traces it was capable of leaving in the relict back- 
ground. 

It can be said that the observations of the relict back- 
ground provide evidence that entropy perturbations were 
the “building blocks” of the prestar, pregalactic structure 
of the universe. 

And still, the problem of the type of initial perturba- 
tions cannot be regarded as finally solved. The point is 
that the theoretical estimate of the expected level of 
variations in the relict background depends essentially 
on whether neutrinos possess any rest mass. This connec- 
tion between cosmology and the physics of elementary 
Particles should not seem strange. Neutrinos exist in 
the universe in almost the same quantities as photons, 
and the origin of the prevailing number of both neutrinos 
and photons is relict, i.e. cosmological. If the neutrino 
rest mass is not zero, be it thousands of times less than 
the electron mass, cosmic neutrinos make the greatest 
contribution to the universe’s density and therefore 
control gravitational fields, on the scale of both clusters 
of galaxies and the universe as a whole. Then the evolu- 
tion of adiabatic perturbations on the scale of clusters 
of galaxies can only be accompanied by very weak vari- 
ations in the relict background that can be detected 
within the observational bounds of the RATAN-600. 
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The Formation of Clusters 
of Galaxies 


Whatever the nature of weak initial perturbations in the 
early universe, sooner or later they transform into strong 
perturbations under the effect of gravitational instability. 
Strong perturbations, irrespective of their prehistory, are 
condensations of matter where the cosmological expansion 
has been overpowered by their own gravitation—com- 
pletely or almost completely. 

Presenting above Peebles’ 
hypothesis, we described the 
perturbations, close to the J 
the post-recombination epoch 


gravitation were, as it were, balanced in the condensa- 
tions: when the size of a condensation was equal to the 


Jeans length, both these forces were balanced exactly, 
while when the size was slightly more than the Jeans 
length, gravitation 


prevailed but pressure was nonethe- 
less essential. This is why any condensation acquires 
a more or less spherical shape to which a gravitating 
mass of matter always tends if the forces of gravitation 
=H pressure balance each other as, for instance, in 
a star. 


and Dicke’s cosmogonical 
possible evolution of strong 
eans length in size, during 
- The forces of pressure and 
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proper gravitation is not balanced by any other forces. 
The unimpeded contraction under the effect of proper 
gravitation is essentially the free fall of the clouds 
particles in their common gravitational field. However, 
free contraction cannot occur uniformly, at the same rate 
in every direction. However small the deviation from 
uniform contraction might be, which is unavoidable, it 
will be enhanced by the contraction itself. Indeed, if 
the rate of contraction in any of the three directions is 
by chance slightly greater than in the two other direc- 
tions, the size of the cloud will decrease more rapidly in 
this specific direction, and therefore the compressive 
force of gravitation in this direction will become greater. 
This, in turn, will result in a greater contraction in the 
same direction and therefore in still greater flattening 
of the cloud. Thus an initially more or less spherical 
cloud is bound to become a flattened formation as a re- 
sult of contraction. 

Contraction leads to a gradual increase in the gas 
pressure, which does not play any role at first, but sooner 
or later should halt the contraction. Before that, however, 
a new phenomenon occurs that radically influences the 
further development of the cloud. When the gas fall 
speed in the cloud becomes comparable to the speed of 
thermal motion of its particles, or, which is the same, 
to the velocity of sound in the given medium, and later 
exceeds it, the gradual contraction of the gas is replaced 
by a so-called shock wave. This entails a drop in pressure, 
temperature, and density in the compressing gas. 

A cosmic shock wave differs greatly on its scale from 
any “terrestrial” shock wave, but essentially this phe- 
nomenon is similar to the shock waves appearing, for in- 
stance, in an explosion or during the flight of a supersonic 
aircraft. In all cases, shock waves appear as supersonic 
motion of the gas, i.e. as the motion with a velocity exceed- 
ing that of the thermal motion of the medium’s particles. 

Since the role of shock waves in the cosmogony of gal- 
axies and their clusters is essential, let us discuss them 
in more detail. This phenomenon belongs to nonlinear 
hydrodynamic processes, i.e. the processes in which per- 
turbations of hydrodynamic values cannot be regarded 
as weak, Consider an example of a common sound wave, 
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This is a wave of perturbations of density, eens ani 
velocity, where sites of maximum density alternate bri 
sites of minimum density; they are distributed per of 
cally and propagate in the medium with the gee He 
sound. The distance between two neighbouring Seaton 
of density is the wavelength. This is a weak perturba 


> 
a ot 12 
Fig. 
2 The evolution of a 
sound wave. Don 
sity prones oo: 
shown at four 
Be cessive instants. 
The arrows ae 
: the direction of the 
as wave propagation. 
4 er ee N A A 


where the relative value of the density amplitude (i.e. 
the greatest value of density divided by the average den- 
sity of the medium) is small as compared with unity. 
And still, if we take a sound wave of large enough ampli- 
tude, the pressure and tempera 
density prove to be notice 
values. The velocity of so 
as well. This is why the 


even overtake a trough: the fro 
Thus sea waves tumble over when the 
shore, but these are waves on a free surface rather than 
those in a bulk. However, there is no real overturn in 
the kind of wave under consideration: when the distance 
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from a crest to a trough, i.e. the width of the wave front, 
becomes comparable to the length of the particles’ free 
path, a shock wave appears, the whole front, i.e. the 
narrow layer where a sharp change in the hydrodynamic 
values occurs, propagating with a velocity greater than 
the velocity of sound in the medium. 

Shock waves can appear both gradually (as has been 
described above) and abruptly, for instance, when a piston 
pushes gas through a cylinder with a supersonic velocity 
or when gas masses collide with such a velocity. 

Let us return to the shock wave in a contracting cloud, 
i.e. a protocluster. It appears in a manner somewhat dif- 
ferent than in the sound waves discussed above. At the 
beginning of contraction, a cloud is more or less uniform 
in its density; while it contracts and flattens, its inner 
layers become denser than its outer layers, and the cloud 
becomes increasingly nonuniform. The inner layers be- 
come heated in the process of contraction, and therefore 
the pressure in them increases owing to the thermal mo- 
tion of the particles. The drop in pressure from the inner- 
most layers to the outer layers gradually begins to decel- 
erate the contraction of the inner layers. Therefore their 
free fall due only to the force of gravitation is rep laced 
by a slower contraction. However, the outer layers con- 
tinue their free fall, and therefore they gradually “press 
tighter” against the inner layers. The change in velocity 
(and the density with it) from layer to layer occurs when 
the layers get closer together. And the difference in the 
velocities of two approaching layers exceeds the velocity 
of sound in the medium. Sooner or later this results in 
a phenomenon similar to what happens with a sound 
wave: steep drops in density and velocity appear on both 
sides of the inner layer, i.e. two shock waves are produced 
Separating the compressed gas of the inner layers from 
the outer “fresh” gas. 

In the course of time, greater portions of gas in the 
condensation flow through the shock wave fronts to the 
area between the fronts, undergoing contraction and 
deceleration. Some of the kinetic energy of the gas flowing 
against the shock waves is transformed into heat at the 
fronts. Therefore the compressed gas is additionally heated 
and its temperature increases still more. 
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_ It is assumed that the dense inner areas of the layer, 
i.e. protocluster, undergo fragmentation and give rise 
to galaxies, while the hot gas fraction may be retained 
till the present. The proper gravitation of matter turns 
a cluster of galaxies thus produced into a gravitationally 
related and steady-state system. It is also assumed that 
the condensation gradually becomes more spherical and 
acquires the shape of a regular cluster like that of the 
Berenice’s Hair (Coma) constellation. 

Regular clusters exhibit a more or less pronounced 
concentration of galaxies about the centre. The predomi- 
nant type of these clusters is elliptical galaxies. The 
Coma cluster and some other major clusters of galaxies 
produce X-ray radiation. It has been established that 
X-rays are emitted by the intergalactic gas in the clusters 
rather than by galaxies, the gas temperature reaching 
tens of millions of kelvins. The scheme of cluster for- 
mation presented gives a natural explanation to the 
origin of the hot intergalactic gas. 

One of the central points in such a scheme is the disin- 
tegration of cool dense areas and the formation of gal- 
axies out of them. So far this point has been in the stage 
of theoretical development, and it is not quite clear 
whether these areas disintegrate into protogalaxies or, per- 
haps, several stars or star groups appear first and then 
Join together into galaxies. The complicated hydrodynam- 
ics of the forming clusters is being actively investigated 
by many astrophysicists, and the theory of “pancakes” 
is a solid basis for it. 


The Large-Scale Structure 
of the Universe 


The processes resulting in the appearance of clusters of 
galaxies developed against the background of a more 
colossal hydrodynamics, i.e- motions of a far greater 
scale, which shaped superclusters and possibly the larg- 
est formations in the universe, viz. the cell structures. 
Superclusters are groups of three to five clusters of vari- 
ous masses and sizes, which have been studied by astron- 
omers during the past 30-35 years. The cells began to be 
discovered during the period of 4978-1982, 
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Both Soviet and American astronomers revealed that 
groups, clusters, and superclusters of galaxies are predom- 
inantly located in a comparatively thin layers or even 
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However, it has to be said that these investigations 
are still in their infancy; there are'reliable data on only 
three or four cells, i.e. voids Surrounded by chains of 
clusters. There is no unanimity amongst astronomers in 
the estimation of the basic Parameters of these systems, 
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and sometimes doubts are cast with respect to the actual 
existence of the cell structure. In fact, so far there is 
insufficient observational material, and sometimes su- 
perclusters are revealed tentatively while considering 
the apparent distribution of galaxies over the celestial 
sphere. Galaxies look like points on the large-scale map 
of the universe, and these points are, in general, rather 
randomly scattered (Fig. 14). Superclusters exhibit them- 
selves on such a map as fibers. However, it has long since 
been known that the human eye is apt to reveal linear 
sequences even in a completely chaotic distribution of 
points on a plane. ‘fo become convinced that the chains, 
cells, etc. are not illusions, some research is evidently 
required for a thorough selection of actual structures 
of the kind and their separation from illusory ones. 

A detailed evolutionary theory capable of explaining 
the phenomenon of cell structure (assuming that it does 
exist) was suggested by Ya. B. Zeldovich and his colle- 
agues A. G. Doroshkevich, S. F. Shandarin, and A. A. Kly- 
pin. Extending the theory of “pancakes”, they also apply 
it to isolated clusters and whole superclusters inside the 
“walls” of the cell structure. The process of spherization 
in superclusters most likely occurs more slowly than in 
clusters of galaxies, and therefore they retain their orig- 
inal shape. The theory explains, therefore, why super- 
clusters are so considerably flattened. 

Moreover, it has been revealed that the “pancakes” are 
always shaped in an interaction with each other, rather 
than separately, and they share, as it were, the entire 
available matter. Enormous voids appear to be bounded 
by the “pancakes”, or their walls, which join each other 
in something resembling a cell structure (Fig. 15). The 
theoretical model underlying this picture is mathemati- 
cally complicated and is developed with the aid of com- 
puter-based investigations. Separate elements of the 
Continuous medium are presented in the experiments as 
“heavy points” which possess masses and interact 
through mutual gravitation. A computer can calculate 
the motions of the whole set of these “particles”, and this 

ecomes a basis for the further consideration of the evo- 
lution of the medium from the initial state of weak per- 
turbations to the state of strong perturbations. 
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Fig. 15 r 
The cell structure produced by computer-based investigations 
of gravitational instability, 
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Chapter 3 
Stellar Eddies 


The pictures taken using large telescopes show spiral 
galaxies as bright eddies of star clouds (Figs. 16-18). For 
instance, this is how the famous Andromeda Nebula (or 
the Andromeda galaxy) looks like, which is a gigantic 
spiral galaxy closest to us (Fig. 17). The luminous con- 
densation in its centre branches out into wide and long 
spiral arcs sparkling with bright stars. 

At great distances, our own Galaxy should look about 
the same. Its spiral pattern need only be derived through 
indirect data: clouds of gas and dust screen from us the 
stars of the galactic disk, and only the radio emission of 
neutral hydrogen, which is almost not absorbed by the 
clouds, indicates that the interstellar gas belongs to 
extended patchy and loose arms stretching from a dis- 
tance of 3 kiloparsecs (kpc) from the centre of the 
Galaxy to its boundary, i.e. to distances of 15 kpc. 

For an astronomer, a spiral pattern is an unmistakable 
indication of a galaxy’s fast rotation. To be more accu- 
rate, flat subsystems of galaxies, like the disk of our 
Galaxy, rotate rapidly. A spherical subsystem, e.g. the 
halo of our Galaxy and the halos of others, rotate at 
least several times more slowly than their flat subsystems 
(disks), The rotation of the disks is, in a certain sense, 
maximum: the related inertia is such that it is exactly 
Compensated for by the centripetal gravitational forces 
of the galaxy. If the rotation were faster, the stars of 
the disk would fly away from the galaxy owing to inertia. 

Rotation is a very common property of galaxies. In 
fact, all of them rotate more or less. However, elliptical 
galaxies do not rotate faster than the spherical subsystems 
of Spiral galaxies. No essential rotation is noticeable in 
irregular galaxies. The disks of spiral galaxies rotate very 
rapidly. And spiral galaxies prevail in the universe: 
they exceed the galaxies of other types in both their 
Number and mass. : 

What is the nature of galactic rotation? Until recently, 
there were two hypotheses. According to C. von Weiz- 
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Fig. 46 sor) 
A spiral galaxy in the Great Bear, or Big Dipper (Ursa Majo 
constellation. 
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cording to his idea, there was no rotation in the universe 
until the epoch of Separation of Protogalactic clouds. 
And it was only then that the tidal gravitational interac- 
tion between these clouds made them rotate. a 
The further development of cosmology and the phy 
ics of galaxies revealed the weak points and drawbac 
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Fig. 17 
The Andromeda Nebula, a gigantic spiral galaxy twice as massive 
as our Galaxy. 
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Fig. 18 


A spiral galaxy in the Hunting Dogs (C 
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rotation of galaxies is due to intense eddy motions ap- 
pearing in discontinuous supersonic motions of the 
metagalactic medium. 

This chapter deals with the first two hypotheses, which 
are both of historical interest and, what is of prime signi fi- 
cance, related to profound and important physical ideas; 
we shall also treat in detail the third hypothesis, which 
is currently being developed on the basis of gravitational 
instability in the expanding hot universe. We shall give 
an account of the physical mechanisms underlying the 
appearance of the spiral pattern in rotating galaxies, too. 


Rotation of Galaxies 


The rotation of our Galaxy was discovered in 1926, when 
B. Lindblad and J. Oort established that stars in the 
disk of the Galaxy revolve about a common centre locat- 
ed in the direction of the Archer (Sagittarius) constella- 
tion. The linear velocity of rotation in the vicinity of the 
Sun (we revolve about the centre of the Galaxy together 
with it) is within 220 to 250 km/s; nobody. has yet suc- 
ceeded in refining this number. The rotation of other 
spiral galaxies has been measured directly in a few 
dozen cases; commonly the velocities of rotation amount 


to 100-300 km/s. ene , 

The linear velocity of rotation is different at different 
distances from the centre of a given galaxy. A typical 
dependence of the velocity on the distance (astronomers 
call it the rotation curve) is shown in Fig. 19. Till a cer- 
tain distance, the velocity increases in proportion to the 
radius, and this implies that the corresponding inner 
area of the galaxy rotates with a constant angular veloc- 
ity (as if it were a rigid body) and with a constant pe- 
riod. On reaching its maximum, the linear velocity grad- 


ually decreases to the boundary of the galaxy, and it 
the radius within this 


Proves that the dependence on i: : a 
region corresponds to Kepler's third law: the velocity 
decreases in inverse proportion to the square root of the 


distance to the centre. The latter suggests that the revo- 
lution of the stars at the periphery occurs in the gravita- 
tional field created predominantly by the mass of the 
galactic central area, while the contribution of periph- 
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eral masses to this field is not very significant. The stars 
revolve at the boundary of a galaxy as the planets re- 
volve in the gravitational field of the Sun (there are ex- 
ceptions to this rule, see Chapter 6). 


The period of rotation of a galaxy is assumed to be the 
period of its part rotating with a constant angular ve- 


Fig. 19 F 
A typical rotation 
curve of the disk 
of a gigantic spiral 
galaxy (the dotted 
ine belongs to the 
central bulge). 
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The fact that the velocity of rotation of a galaxy at its 
periphery obeys one of Kepler’s laws makes it possible 
to estimate the mass of the galaxy, or, more accurately, 
the mass of its inner area, which makes the greatest con- 
tribution to the force of gravitational attraction. Recall 
simple relationships that we all learn in high school. 

Rotation with a linear velocity v at a distance R pro- 
duces a centripetal acceleration of v?/R. The acceleration 
of gravity produced by a mass M within the radius R 
is GM/R?. The equality of both values yields the mass 
M = v?RIG. If we take our Galaxy as an example and 
assume the velocity to be 200 km/s at the distance 
10 kpe = 3 x 10” cm from the centre (the position of 
the Sun), the mass is found to be about 10‘ g, i.e. about 
10! Sun masses: the value commonly taken as the mass 
of our Galaxy. 

Elliptical and irregular galaxies do not show any spiral 
structure. If their rotation is registered, it is always much 
slower than that in spiral galaxies. However, the slowly 
rotating galaxies are a minority among other galaxies: 
their number is three times less than that of spiral gal- 


axies. 


Eddy Cosmogony 

In 1929, when J. Jeans studied the formation of galaxies 
during gravitational condensation, he assumed that 
galactic rotation is due to the rotational eddy motions 
which existed earlier in the rarefied medium from which 
protogalactic condensations were produced. So the spiral 
galaxies are, as it were, separated eddies. 

Indeed, the shape of the spiral galaxies certainly indi- 
cates certain properties similar to those of eddies in air 
or water flows. Naturally, the prestar, pregalactic medium 
was not at all like, for instance, the Earth’s atmosphere 
or the ocean, but the motions of very diverse media re- 
veal some common properties and any example generally 
represents all other cases. The Jaws of mechanical mo- 
tions of gas or liquid (fluid) masses are studied by hydro- 
dynamics, a science which has existed since time imme- 
morial, appearing during the observations of flowing 
water. To date, it has developed into a vast and compre- 
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hensive science of continuum mechanics, or classical 
field theory, retaining in its name, however, its first 
subject of investigation. 

We have more than once di 
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centre of a powerful eddy pushing planets to their orbits 
and making them revolve about the Sun. Generalizing 
this hypothesis to the entire universe, R. Descartes wrote 
in 1644 that during the formation of cosmic bodies, the 
space of the universe was filled with an enormous number 
of eddies of diverse shapes and sizes. Newton did not 
leave these ideas unattended, although he regarded them 
critically and suspected that Descartes’ cosmogony was 
incapable of explaining Kepler's laws describing the 
motions of the planets in their orbits. Newton criticized 
these ideas in his famous Principia (Philosophiae Natu- 
ralis Principia Mathematica, 4687), where he wrote, 
among other things, that the eddy theory neglected the 
observed astronomical phenomena and created more 
problems than it explained, making things more compli- 
cated rather than easier, etc. Newton wrote that there 
were no evidences of the eddies themselves, and therefore 
they should be rejected. 

Later, I. Kant gave a profound analysis of problems of 
eddy cosmogony, and in 4796 P. Laplace deduced his 
nebular hypothesis from it, which has essentially been 
in the centre of cosmogonical discussions till now while 
being developed and enriched with new theoretical ideas 
and observational data. In H. Poincare wrote, 
Despite the numerous objections against it, despite the 
new amazing discoveries in astronomy surprising astron- 
omers themselves, eddy cosmogony is still with us. 


Protogalactie Turbulence 


The ideas of cosmic eddies spread from the problem of 
the origin of the solar system to the new area of cosmogony, 
the theory of galaxy formation. Following J. Jeans, the 
hydrodynamics of “pregalactic eddies was studied in 


1948 by C. von Weizsäcker, who introduced to cosmogony 
i e which had been 


the concept of hydrodynamic turbulence 
developed by A. N. Kolmogorov shortly before. 
Turbulence is a widely common natural phenomenon 


which always appears when motions of gas or liquid 


vary in time and space in a complicated chaotic manner. 


Turbulent motion with eddies and irregularities is con- 
trasted in hydrodynamics to the smooth and regular 


3. Stellar Eddies 
72 


q has 
motion which is called laminar motion. ce hee 
been studied for almost a hundred years, since t clas Di 
ery of the apparently irreconcilable contradicti 


2 5 . with 
tween theoretical hydrodynamics and experiments 
the flows of gases and liquids. For i 
ed. that an increase in the 


its first power. The gist a 
ecome clearer since 1883, when O. Ry 
nolds published his paper, reporting the results of s 
experiments with coloured water threads in a now 

i riking fact: the motion 0 


Velocity was not too great. At higher 
velocities (all ot} i s in the flow being equal), 


S mixed, it implied the development of a new 
phenomenon 
laminar flow became chaotic, or turbulent. Such turbu- 
lent “stalling” ; ter within a tube 4 cm an 
diameter at r re occurred at velocities 
exceeding 30 cm/s, 


tion in hydrodynami 
for the elaboration 
tinuum mechanics, the Concept of 
The conditions of i m laminar to turbulent 
Ow were studied experi y under diverse natural 
and laboratory conditi Proved that not only 
a greater value of th involved. While the 
velocities in identical tubes could be the same, Some liq- 
uids exhibited laminar flow and others displayed tur- 


Protogalactic Turbulence 73 


b 
aen don; turbulence evolved earlier in liquids with 
da scosity, and very viscous liquids, such as honey, 
O. Re 7 gool not flow in any mode other than laminar. 
Hh Piet: s gave a criterion for the appearance of tur- 
at ahs on the above-mentioned 4883 paper: the product 
flow ee ocity times the characteristic length of a 
eae r are the radius of the tube) should be far 
ha wl te the coefficient of the kinematic viscosity of 
densit nae The dimensionless number equalling the 
istic ‘ie a fluid, times its velocity, times a character- 
the Re gth and divided by the fluid viscosity 1s called 
tenon ynolds number. More exactly, the Reynolds cri- 
hg is the principle that the type of fluid motion, that 
re papa flow or turbulent flow, 1m geometrically 
isis i flow systems depends only on the Reynolds num- 
nold or example, in a tube, laminar flow exists at Rey- 
s numbers less than 2000, turbulent flow at numbers 


above about 3 
000. 
arently chaotic, the devel- 


ties possess certain regulari- 
. They cannot be revealed in separate eddies (vortices) 

bly from point to 
the regularities 


terion eal and exhibit thems 
the Ai turbulent eddies. L. 
ifferi s that turbulence is compos' set 
Eddies” in their velocities and characteristic lengths. 
motion can interact, exchange 
arger S of smaller scales or merge 
tee, Seales. But while isolated mo 
tendones, are random, any set 0 
REI to establish a kind of casca 
gest eddies (the largest in terms of 


ine e lars 
tic energy) give rise to and 
is tendency occurs comp 


papel tie relationship is established between the aver- 
ba velocity and the average size of an eddy in a turbu- 
tinge ce the average velocity decreases 
of the e from top to bottom in proportion to the cube root 
ba Size of the eddy. This property of developed turbu- 
tt was established by A. N. Kolmogorov in 19 
empting to recreate the picture of the universe 


14 3. Stellar Eddies 


during the epoch of galaxy formation, C. von Weizsäcker 
surmised that the turbulence in the protogalactic medium 


matter comparable to the masses 

of galaxies. It is easy to estimate the velocities and the 
characteristic lengths of the corresponding eddy motions: 
If a galaxy has Teached a typical density of about 
5 cting from the initial density of 
Cteristic for gas protoclusters (see 
Chapter 2), then the size in its initial state was apparently 
in its final state. It means that 

a galaxy such as ours had an initial size of about 3 X 
W _cm. This is the characteristic length of protoga- 
ear eddies. Pective velocity can be found using 
pare of conservation of momentum, As we have al- 
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rest of the medium and could further compress under the 
effect of their own gravitation, therefore building up 
their density and turning into protogalaxies. 

It is interesting that the condition of the comparability 
of the regular and random velocities is a direct indication 
of the age of the universe at the epoch of galaxy formation. 
Indeed, the regular Hubble’s velocity is expressed using 
the age of the universe, i.e. the time from the beginning 
of the cosmological expansion to a given instant. The 
velocity of the cosmological recession of any two elements 
of the medium is just the distance between them divided 
by the age of the universe (within the accuracy of an 
inessential factor nearing unity). If we take the size of 
a protogalactic eddy as such a distance and consider 
Hubble's velocity to equal the velocity of rotation of 
this eddy, then it is easy to calculate that the age of 
the universe at the epoch of separation of protogalactic 
eddies amounted to approximately 3000 million years. 
The age of present-day galaxies is known to be 12,000- 
15,000 million years; then the age of the universe should 
now equal 15,000-18,000 million years: This estimate is 
in good agreement with all available data on the age of 
the universe. A ET 

It is noteworthy that the density of 10° g/cm? which 
We assumed for the protogalactic medium complies ap- 
Proximately with the value of the averago density the 
Universe should have had at the age of 3000 million years. 

The metagalactic medium in Weizsiicker’s hypothesis 
Was supposed to be cold and nonionized, and it was 
Tegarded as a gas of hydrogen atoms with a temperature 
of no more than a few tens or hundreds of kelvins. Under 
these conditions the velocity of sound did not ae 
Several kilometres per second. But this implies that the 
Velocities of the protogalactic eddies, viz. 30 km/s, en 
Supersonic, Therefore T von Weizsäcker eee the 
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y was such that the Reynolds number 
for the protogalact 


ic eddies was much greater than the 
critical value. But the criterion itself, just as the entire 
theory of turbulence, were only elaborated for subsonic 
motions, and they can only be applied to these motions. 
Naturally, this was clear; nevertheless C. von Weizsäcker 


assumes that the regularities of developed pean 
could probably be applied to Supersonic turbulence, an 
using these regularities 


» he gave estimates to the pa- 

rameters of spiral galaxies 
Following A. N. 
garded pregalactic 


Kolmogorov, C, von Weizsäcker re- 


turbulence as a set of eddies with 
Steady average characteristics and a certain dependence 


of the average velocity on the eddy’s characteristic length 
(the latter has already been Mentioned). It was hoped 
that if this was true, then the Statistical regularities 19. 
the distribution and motion of galaxies, i.e. the “frozen” 
eddies, could reflect the statistical properties of the tur- 
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have not so far been accomplished. 

But this is not the end of the list of problems of cosmic 
eddies. ‘The most fundamental problems are probably the 
very nature of eddy motions in the protogalactic medium 
and their origin in the expanding universe. 


Primordial Eddies? 


In 1952, G. A. Gamow, the founder of the hot universe 
theory and no doubt the most authoritative cosmologist 
of the period, decisively and enthusiastically supported 
eddy cosmogony. He said then that the distribution and 
motion of galaxies definitely showed the traces of pre- 
galactic turbulence, that the physics of “supersonic tur- 
bulence” was uncommonly interesting and profound, and 
that he saw the most promising vistas there. As to the 
origin of pregalactic eddies, G. A. Gamow offered a the- 
sis that eddies had existed in the universe from the very 
beginning and had the same nature as the cosmological 


expansion. Since the nature of the expansion remains, 
in effect, unknown, the pro 


blem of the origin of protoga- 

lactic eddies was therefore put on the list of the difficult 

questions in cosmology whose final solution could not be 
expected too soon. 

However, if we assume that eddies accompanied the 

cosmological expansion “from the very beginning”, then 

hat they should have been during 


we have to make clear W À L i 
the earlier epochs of the expansion, prior to the formation 
of galaxies. And in this attempt an acute contradiction 


was immediately found. The point is that the velocities 
of eddies should have reduced with the cosmological 
expansion, and therefore if eddies possessing velocities 
of a few tens of kilometres per second were to have ex- 
isted when the universe was several thousand million 
years old, a much faster rotation of the medium at the 
eginning of the expansion would have been required. 
Again, this is evident from the law of conservation of 
momentum as applied to an individual eddy. 

As we have already mentioned, the order of the angular 
momentum, or the moment of momentum, can be esti- 
mated as the product of the mass involved in the motion, 
times the velocity of this motion, times its characteristic 


i 3. Stellar Eddies 


lenght. The “freezing” of an eddy in the medium (we have 
discussed this property of eddies above) implies that the 
total mass of particles involved in the eddy does not 
change with time. Therefore the values of the velocity and 
size should vary so that their product remain unchanged: 
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the medium would still be very small at that (10-* g/cm’), 
and it would be very far, a good three hundred years, 
after the beginning of the expansion, i.e. the cosmological 
singularity to which we could refer anything. 

At greater densities, eddy velocities would become 
superluminous, which is naturally absurd. 

This paradox seemed to cast doubts on the entire field 
of Weizsäcker-Gamow eddy cosmogony. However, the 
contradiction was resolved after the discovery of relict 
radiation in 1965. 

This discovery changed the co 
of the metagalactic medium during the earlier epochs. 
Radiation, the photon gas, was the principal component 
of the metagalactic medium during the first million years 
after the beginning of expansion, and “common” matter 
Was then less dense than photons. The hydrodynamics of 
the photon gas (with an admixture of plasma) differs 
from the hydrodynamics of a “common” medium which 
was implied in the discussion presented above. The be- 
haviour of eddies in the photon gas 1s different, although 
Momentum is naturally conserved. ; 

The problem is that the mass of a given number of 
Photons, into which an eddy was “frozen through the 
Plasma associated with them, did not remain constant, 
but rather declined with the expansion inversely pro- 
Portional to the size of the volume occupied by the mass 
of photons. It follows from the conservation of momentum 
that the eddy velocity remained the same during the en- 
tire epoch of radiation prevalence. The velocity during 


the early epoch is easy to estimate taking into account 
that, starting from the moment when the densities of 
both components of the cosmic medium, i.e. matter and 
radiation, were equal (this occurred when they were about 


310-22 g/em3), the “common” relationship between the 
density and the eddy velocity is valid, i.e. the velocity 
decreased in proportion to the cube root of the matter 
density during the later epoch. Then the eddy velocity at 
the initial moment when the densities of matter and radi- 
ation were equal amounted to 3 x 10 cm/s, which is 
a hundred times less than the velocity of light (see 
Fig. 21). Therefore, the paradox of superluminous eddies 


in the hot universe is eliminated. 


ncept of the properties 
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But the theory of primordial eddies revealed other 
problems, one of which was related to relict radiation. 
The eddy velocity we have just calculated was not too 
great, but eddies Possessing such a velocity would have 
produced certain di 


background: the photons “ 
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were; ultimately, while tending to ever greater values 
(ad infinitum, mathematically speaking) of the ratio of 
the size of the eddy to the distance to the horizon, the 
deviations from isotropy increased infinitely. This im- 


Fig. 22 

Eddies and the ho- 
rizon in the ex- 
panding universe. 


plies that the universe with primordial eddies just could 
not have been isotropic. at ; 

Conceptually, the general theory of relativity admits 
nonisotropic (anisotropic) cosmological models, where no 
unbounded spatial symmetry underlying Friedmann s 
cosmology exists. In these models, the directions in space 
are not equal, so that, for instance, the rate of the cosmo- 
logical expansion, i.e. the velocity of mutual recession 
of particles, is different in different directions. The 
expansion near the singularity in such models does not 
occur along all the three directions, and compression 
of particles may occur along one of them. — 

An in-depth study of anisotropic cosmological models 
was started in the USSR by A. L. Zelmanov in the 
1950’s. He found the conditions at which the initial ani- 
sotropy of the universe could be smoothed out with time 
so that the universe could exhibit the isotropy observed 
now. During the 1970's, E. M. Lifshits, I. M. Khalatni- 
kov, and their colleagues revealed that quite unexpected 
behaviour of the universe was possible near the singular- 
ity: oscillations could be superimposed upon its general 
expansion. The oscillations alternately encompassed 
the motions along the three directions. The periods of 
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oscillations declined as the be, 
pansion approached, while th 
tions increased without limi 

An analysis of the evolution 
sotropic cosmological model sl 
be easily, as it were, integrate 
of the anisotropically expanding universe and could 
exist in it from the very beginning. 

We have to mention, however, that no independent 
indications of an anisotropic beginning of the expansion 
have so far been found. On the contrary, everything in- 
dicates that duri 


ng the early epochs, the universe as a 
whole was just as much isotropi i 


ginning of the general ex- 
e total number of oscilla- 
tation at the same time. 
of eddy motions in an ani- 
lows that the eddies could 
d into the overall dynamics 


iverse during this epoch, consid- 
a ; rege 
ct radiation which was “torn 


¢ from isotropy “j 
ning of the expansion, then the effects 


particles would have eliminated these deviations. The 
i should have “died” along with the devi- 
ations, and everythi 


10" second, 


_ Finally, we should mention one more stumbling block 
in the hypothesis of Primordial eddi 
with the behaviour of e 


from a value 


ity of light to Several kilometres per 
second. The velociti 


ies of primordial eddies during this 
epoch should have been at least a hu uring 


ndred times greater 
than the latter value. Consequently, while being subsonic 
“from the very beginning”, eddy motions became super- 
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sonic during recombination. But supersonic motions 
should have generated shock waves capable of compressing 
the gas. However, the density of the medium during the 
recombination epoch (about 3x10- g/cm?) was already 
about a thousand times greater than that of galaxies; 
therefore the supersonic eddies of a galactic scale would 
have produced bodies that were too dense—nothing like 
the real stellar systems. 

Adding up all these reasons, we should drop the idea of 
primordial eddies: most likely there were no eddy motions 
generated in the general process of the cosmological ex- 


pansion in the universe. 


Tidal Torques? 
In 1969, looking for other concepts, J. Peebles analyzed 


from new positions the idea which was posed in the 1940’s 


Fig 23 : 
Tidal interaction between pro- 
togalaxies. 


a, the rotation of gal- 
any eddies, just owing 
between protogalactic 


by F. Hoyle. According to this ide 
axies could have appeared without 
to the gravitational interaction 

clouds. 


This mechanism for the development of rotation requires 


that protogalaxies would be nonspherical and rather 
close to each other. The force of gravitational attraction 
between bodies is different in different parts of the bodies; 
because the bodies are nonspherical, the distances to dif- 
ferent ends of a body from the centre of another body are 
different (Fig. 23). The force appearing as a difference 
in the gravitational forces acting on an extended body is 
said to be the tide-producing force causing a tidal torque. 
The tides on the Earth are generated precisely by such 
a force produced mainly by the Moon. 

The difference of forces bring about a torque, or a rota- 


6° 
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er. The protogalaxies may Babe 
op both parallel, i.e, tation and antipara 
lel, i.e. opposite, rotation. 
The problem is whether t 
as the rotation we`ob 


les and later b 


most favourable conditions, is 
five to ten times less t 
galaxies, ` 
It remains only to conclude that the tidal interaction 
between Protogalaxies is ineffective, and it can be neither 
the only nor t 


he principal factor giving rise to the fast 
rotation of galaxies, 
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C. von Weizsäcker, and 
amow on the eddies in the Pregalactic medium 
hydrodynamic i 


similarities we have 


Hydrodynamics has a strict Kelvin-Helmholtz theorem 
forbidding, under definitely Specified conditions, the 


creation and disappearance of eddies. Both C. von Weiz- 
säcker and G. A. Gamow tacitly assu 


tions of the Kelvin-Helmholtz theorem always held 
true in the universe, Tf So, the eddies existi 

cosmic medium during the epoch 
should have existed in it “from the very beginning”: 
nothing else is possible. 


The real picture of hydrodynamic Motions in the ex- 
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panding hot universe was far more rich and diverse than 
Ries supposed during the 1940’s-1950's. The most striking 
Phenomenon was the appearance of enormous shock 
TeS compressing vast masses of matter into layers 

hat would become protoclusters. Shock waves appeared 
when the universe was about 3000 million years old, 
and they were an unavoidable result of the evolution of 
gravitational instability encompassing the masses of 
matter comparable to the masses of the largest formations 
in the universe. 

The appearance of pow 
Same epoch was just as unavoidable. 

; The point is that one of the conditions of the conserva- 
tion or nonappearance of eddies in the Kelvin-Helmholtz 
theorem is the absence of discontinuities in the hydrody- 
namic motions concerned. And shock waves are discon- 
tinuities in the velocity, density, and pressure of the 
medium. 

_ Consider a simple example of the appearance of eddies 
in a shock wave. Suppose there is a parallel flow of gas 
meeting the front of a shock wave. Let the front be curved 


rather than flat, for instance, conves towards the flow, 
of the flow at the shock 


as shown in Fig. 24. The velocity 
wave front decreases in a jump; to be more accurate, 
nt of the velocity that is 


while the tangential compo- 


erful eddy motions during the 


waves, 


of the flow meeting the front is far greater t 0 
ity of sound in the gas, the component of the velocity 


at is perpendicular to the front decreases by a factor 
of four. The result is that the parallel and therefore 
eddy-free flow of gas becomes ê divergent flow while it 
traverses the front. Imagine aà “straw” thrown into such a 

ow: before meeting the front, it would drift in the flow 
Parallel to itself, while pehind the front it would also 
turn. This rotation is the indication of an eddy the flow 
acquired traversing the shock wave front. 

The appearance of an eddy does not contradict the con- 
Servation of momentum because the total angular momen- 
tum of the flow remains zero aS before. Prior to meeting 
the front, the angular momentum was Zero; while passing 
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indivi i ular mo- 
front, individual elements gain an ang 
ribs but in different parts of the flow (above ann 
tee the centre line of the flow in Fig. 24) the pe be 
momentum of individual elements acquires opposi 


Ni i 
a —— 


Rotation #0 <_— 


vel 


Fig. 24 
The generation of an 


velocities of the 
of arrows, 


< ———. Rotation=0 


Shock wave front 


ZZA 
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a shock wave front. 


eddy in a flow te bea aura factions 


gas are shown by the 


Opposite; the result is that the total of the angular mo- 
menta remains Zero. 

This mechanism of the appearance of eddies is only an 
variety of processes which were able 
to develop effectively in the large-scale motions of the 


provide protogalactic conden- 
ast enough rotation. 

Imagine a vast shock Wi 
cluster, a “pancake”, If th 
but flat, eddies can appear 
when the gas meeting the 
i.e. condensations and r or some compara- 
tively small and loose clouds 


& proper motion. 


ommensurate with the char- 
acteristic length of the entire flow (i.e. 
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mension), but corresponds to the size of the initial clouds 
(perturbations). If the perturbations encompass masses 
comparable to the masses of individual galaxies, the 
condensations of such a scale, while passing over the 
front, become denser and then can turn into protogalaxies. 
The eddies which appear when condensations cross the 
front produce the rotation of protogalactic clouds. 
The process of interaction between weak perturbations 
of a comparatively small scale (less than that of the 
whole motion producing the shock wave) has been stud- 
ied in hydrodynamics for several decades. Initially, 
this problem appeared in an area having nothing in 
common with astrophysics, in the theory of flight of su- 
Personic jet aircraft. Speeding up to the velocity exceeding 
the velocity of sound in air, the aircraft “pushes” and 
compresses the layers of gas close to its nose, and a shock 
Wave whose front separates the” compressed layers from 
outer noncompressed air spreads before it. This defines 
the resistance of air to the aircraft and, in effect, the 
entire dynamics of supersonic flight. It is essential to 
know how a shock wave is influenced by various hetero- 
gencities in air and by perturbations” in its density and 
Pressure. Such perturbations are produced by the aircraft 
itself: its engine works and issues sound waves. These 


waves can reach the shock wave front because the front 
propagates with a subsonic velocity with respect to the 
ves cannot travel beyond 


compressed gas. But sound wa 
the shock wave front, the reason being that the front prop- 
agates in the nonperturbed gas with a velocity greater 
than the velocity of sound in this gas. Will the sound 
waves “get stuck” at the front, accumulate, and destroy 
it or will they, perhaps, reflect from the front—as a ball 
bounces from a wall—and travel’ backwards? It proves 
that reflection occurs, an echo appears, and the sound 
Waves turn back without any damage to the shock wave. 
The hydrodynamics of the pregalactic medium exhibits 
many features of this picture: there are strong perturba- 
tions in the medium, i.e. shock waves of the galaxy cluster 
scale, and weak condensations and rarefactions similar 
to sound waves, i.e- perturbations of the galaxy scale. 
The perturbations can either catch up with the shock 
wave front or meet it head-on. In the first case, the sound 
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wave, as we have already mentioned, does not cross P 
front; it can be said that sound can reflect from E 
front without refraction (Fig. 25a). In the second case, 


Fig. 25 
A kanion between a sound wa 
and shock wave front. The as 
moves through the gas from left A 
> right, or, which is t esame, the gar 
flows towards the front from Tia 
to left. The thin arrows show the 
direction of sound propagation: 
(a) reflection without refraction; 
(b) refraction without reflection. 
(a) (b) 


the sound way 
changes its dir 


e gas faster than sound. In other words, 
und propagates and meets the front, 
i ersonic velocity and 
rather than allowing 

it to be reflected (Fig. 25d). 


» We are interested, 
urbations on the shock 


zave f i transformation of eddy-free perturba- 
tions into eddies, which is a side effect i 


Propagating 
plane of the shock wave front. Eddi 


in any oblique encounter of sound 
front. 

Tt is interesting that when sound and a shock wave 
front travel towards each other, a Phenomenon similar to 
optical total internal reflection can occur. When the 
light is incident on a boundary at a shallow enough angle, 
there may only be reflection without 


refraction, i.e. 
light does not cross the boundary between the media. 


A Pr 
Protocluster as a Turbulent Layer 33 


between the direction of 
endicular to the shock 
than 60°), there is no 


However, reflection is 
lready learned, 


res our case, when the angle 
wage Pio ae and the perp 
e Gae is great enough (more 
waor sound beyond the front. 

ally prevented! But as we have a 


<_— 


a a Fig. 26 
The structure of ed- 
dies generating at 
a shock wave front 
while a condensa- 
tion of matter passes 
through it (accord- 
ing to A.Yu. Usha- 
kovand A. D. Cher- 
nin). The conden- 
sation area is 


—_——— hatched. 


Shock wave front 


e front, and they 


eddi 
dies appear on the other side of th t 
of the inci- 


absorb al Reed 
most completely the kinetic energy 

ani sound. present i 

is $ is very essential that what has been said about sound 
e otally valid for any eddy-free perturbation. Any con- 

anaon of matter in a flow meeting âà shock wave front 

nerates eddies at the other side of the front (Fig- 26). 
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a Turbulent Layer 


T é 
me picture of supersonic motions in the 
ium during the galaxy formation epoch is composed of 


R . 
ie number of diverse and complicated 1 
cesses. It includes both the formation of large-scale 


con ; i i 
elgar asations (clouds) and the interaction between these 
hae us take a step back and imagine pregalactic pertur- 

tions during the post-recombination epoch as a number 


of thi 0 
thin gaseous condensations: clouds, which were becom- 
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ing ever more distinct owing to gravitational instability. 
For the same reason, each cloud as a whole acquired an 
ever greater proper velocity besides the regular velocity 
of the mutual cosmological recession of the clouds. 
While the proper velocities were small at the beginning, 

d have become comparable to 
e expansion and even have ex- 
rbations ceased to be weak, and 


of a new type could have been 
play. 


mposing the clouds, and a layer of com- 
Pressed gas wil] appear. 
The collision of clouds will be nonelastic because the 
velocities at which th i 
than the veloc 


in producing eddies (Fig. 27). In t 
of each colliding cloud Contracts and slides along the 
surface separating the clouds. This discontinuity of the 
tangential velocity cannot exist for long and disappears. 
The velocities of the initial sliding tangential motion 
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Sive rise to eddy velocities in the layer of compressed gas. 

The instability of a tangential discontinuity was ap- 
nS ar to Helmholtz, who noticed that the boundaries of the 
a ee from musical wind pipes get wound up as pe- 
iodic spirals. This boundary is a tangential discontinuity 


Fig. 27 

A supersonic collision 
of gas masses. The gen- 
eration of a tangen- 
tial discontinuity (1) 
and two shoc. 
waves (2). 


Separating the air that moves from air at rest. Another 


Well-known phenomenon associated with the instability 
of a tangential discontinuity is the appearance of waves 
on a water surface under the effect of the wind. The dis- 
Continuity evidently appears 0n the surface of the water 
along which the wind blows: air layers move, and the 
Water cannot stay calm because of this. 

__The nature of this hydrodynamic instability can be clar- 
ifed by examining the behaviour of a weak perturbation, 
a distortion of the surface possessing a tangential discon- 
linuity. If this perturbation is soon smoothed out and 
disappears, the surface of the discontinuity and the dis- 
Continuity as a whole are stable; but if the perturbation 
Spontaneously develops and increases, the discontinuity 


1s unstable. 
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\ 

\ 

\ Fig. 28 

i The mechanism of 
/ instability of a tan- 
/ gential discontinu- 


( ity. 
l 
| 


(a) 


classical 
rem, in e a ic oe ee 
‘tice ready fow, is: S, the Bernoulli theo- 
quantities of fluid are 1 a flow in whic} e 
at any time, the sm transported thror ra the sam 
e ate ety the Velocity PA any ag 
Pressure. The Ber 2 a given site, 
ged pei Maga Section of ee theorem, ade asi 
greater Presni oe neighbouring e the Lease aed 
: Produce the force i & section requires 
the portions of the fluid when they eg to accelerate 
S trom the wid er 
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section an n “u 3 
PE d therefore “push” them through the narrower 
It i 
a clear then that the pressure decreases before the 
alter x part of the discontinuity surface and increases 
mee passing it. This obviously makes the surface bend 
greater. Greater changes in the cross-sections of the 


23) 
SA 
(KC | 
eal 


fl ` 

a are therefore induced, the drop in pressure from 

oy to right increases, and this results in the further 
clopment of the perturbation. This means that the 


t x 

a ential discontinuity is unstable. 
fiat aturally, the bounding sur our example are 
roe necessary. The point is t i ty itself, the 
si in the tangential velocities: between the neigh- 
wells € layers. Instability can exist in a free flow as 
is it is due to the forces of pressure acting near the 
Te unnity surface. mide we 
busta instability of a tangential discontinuity is not 
also ed to a distortion of the discontinuity surface. It 
of th Causes perturbations in the neighbouring volumes 
e medium. As seen in Fig- 29, the flow on both sides 
1 discontinuity 


of 
come oscillating surface of a tangentia 
ot be parallel, the velocities of the medium change, 


Fig. 29 

The development of pertur- 
pations in a volume of a 
tangential discontinuity. 
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and these changes are the more intense, the greater i 
perturbations on the surface of the tangential discon 
nuity. we Boker a 

A tangential discontinuity strengthens any wea k P 
turbations propagating through its surface. There is DO 
flow of matter through this surface, but it can be crossed, 
for instance, by a sound wave. Amplifying a sound wave; 
the surface of the tangential discontinuity begins to 0s- 
cillate, and this oscillation increases with time. The 
source of energy for the development of all these perturba- 
tions is tangential motions of the medium in the volume 
of a tangential discontinuity. 

Returning to supersonic collision of clouds in the ne 
galactic medium, let us note that phenomena of this kin¢ 
are an example of a strong and sudden external impact on 
amass of gas. The appearing hydrodynamic discontinuities 
are said to be nonevolutionary because they are induced 
by an external cause rather than by the proper evolution 
of the motions. Nonevolutionary discontinuities appear, 
for instance, in a Strong push of a piston compressing 


gas ina cylinder, in various explosions, etc. L. D. Lan- 
dau pointed out 


that in every such phenomenon a whole 
system of hydrodynamic discontinuities rather than a 
single discontinuity develops. As far as our case is Con- 
cerned, Landau’s theory predicts that in the volume of 
initial contact between the clouds, a tangential disconti- 
nuity and two shock waves branching from it in the 0p- 
posite directions should develop (see Fig. 27). The result- 


ing layer of heated and dense gas is bounded by the 
spreading shock w 


“pancake”; by contra 
above are shaped in an evolutionary manner, i.e. owing t0 
the gradual develop 

in the given mass of 


AP 
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ofi 
Saatana] motions: it is “charged” by the tangential dis 
Th y 
tec o Pomeni of instability in the v 
velopm ia discontinuity leads to the appearance and de- 
motions ot of various perturbations there, i.e. chaotic 
Tom rad of various scales and intensities, drawing energy 
teristi eoa ve tangential motions of the gas. A charac- 
Dreses eature of motions of this origin 1S always the 
c haotie. of a considerable number of eddies in the general 
In fa motion of the medium. — <, : 
eddy lact, a tangential discontinuity is, as it were, an 
rom In a plane (a vortex sheet). Such an eddy appears 
Pers an originally eddy-free motion of clouds when a su- 
eho collision of these clouds produces a nonevolu- 
es nary hydrodynamic discontinuity. It “has the right 
Jaon because if there are discontinuities, the Kelvin- 
a holtz theorem on the conservation of eddies, or the 
na i eddies in our case, cannot be applied. The 
Rr of a tangential discon as we have 
Derturh, mentioned, exhibits itse 
in a vations present in the medium can 1 agen 
turpa ea teraction with the discontinuity: [owever, ne 
ene ations leaving a tangential discontinuity canty s 
fae with them but not eddies. When a porini ation 
ma ng with a discontinuity is eddy-free, it becomes 
onito but remains eddy-free. aes 
in OWever, there are no purely eddy-free ag mer 
an a protocluster. There are two reasons for thien irat 7: 
S Perturbations crossing shock wave fronts ba h 
ith a flow of gas acquire eddies at the fronts. This nas 
re Considered in detail above. Secondly, a pate 
c nnot remain eddy-free even if it propagates wit iin mie 
0mpressed layer. The point is that the distribution : the 
ae and temperature within this layer 18 ty uni = 
S in a “pancake”, the density declines from the centra 
Plane outwards to the layer poundaries, while the temper- 
ature increases in the same directio nder these condi- 


i n. . . 
tions, the propagation of any eddy-free perturbations in 
It is 0 


icinily of a 


a medium ; nly necessary for 
generates eddies. S, 

the appearance of eddies that the disturbances should 

Propagate nonparallel to the directions 1n which the 

density and temperature change- In a flat layer conden- 


š Eddies 
96 3. Stellar 


perature depend on the dis- 
e and therefore change along 
r to this plane. When, for 


a uniform medium), but also on the behaviour of u 
“nonperturbed” density of the medium where the wae 
propagates. This kind of dependence (it is called nonba 
rotropy) makes the Kelvin-Helmholtz theorem on vortic- 
ity inapplicable; in this Case, as in the case of a hydrody- 
namic discontinuity, this theorem is invalid, and eddies 
can appear and disappear, while purely eddy-free motion 
is impossible, 


medium plays a very essential 
evelopment of instability of a tangan 
ity tends, as usual, 


the other hand, it carries, 


dd te its conditions in full: an 
e 


ar if a hydrodynamic 


nor nonbarotropy nor 
Viscosity is, in effect, the friction between the layers 
of fluid sliding along each othe 


i r. When there is no vis- 
Cosity (or, more Accurately, 


when it is insignificant, i.e 
it cannot noticeably infl len it is insigni ’ 
of fluid slid 


e in neighbouring volumes 
a ome will not penetrate into he 
olumes (an natural] ddies wi 
not be damped). But if there is a Sher E AR 
$ ayers of the medium with 
witi ddies. The fricti n Daa the layers tends 

to eliminate the difference in t} 

the eddies in a viscous volume are 
appear in the layers where there have been no eddies 
before. Indeed, while the velocities in these layers (on 
the left in Fig. 30b) were the 
difference between them appear 
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about deceleration, and this deceleration gradually prop- 
agates from right to left, i.e. from the volume where there 
are eddies to the volume where there have been no eddies 
before, Evidently, the decel ration produces eddies 


| 


Rotation # 0 


Rotation =0 Rotation # 0 
(a) (b) 


Fig. 30 
he influence of viscosity: the dec 
euvesn the layers of a medium; 


eleration and transfer of eddies 
(a) nonviscous flow; (b) viscous 


which penetrate into the adjacent layers and in due course 
l the whole flow with eddies. h As 
While the instability of a tangential discontinuity de- 
Velops, the pattern of gas current flowing along the 
Surface separating the opposite flows of gas becomes ever 
more complicated (see Fig. 29). Generally, the more com- 
plicated the motion, the more significant the viscosity- 
becomes. It is insignificant and there is no friction bet- 
ween layers at all when every layer of the medium moves 
with an identical velocity (this is the simplest type of 
Motion); but the friction between layers is unavoidable 
in a very complicated and nonuniform flow. The greater 
the difference in the velocities of the adjacent layers 
or the shorter the distances across the flow at which the 
Velocities differ significantly, the greater the friction. 
When the surface of a tangential discontinuity intense- 
ly oscillates and is distorted, the influence of viscosity 


exhibits itself in that it, as it were, switches over the 
mlines, so that it produces 


(Fig. 31). These volumes are 


o the plane of the original tangen- 


Totatio arallel t 
a ony ented like the eddies pro- 


tial discontinuity; they are ori 
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duced by the other processes we have considered above. 

The appearance and enhancement of perturbations with 
significant vorticity and then the disintegration of a tan- 
gential discontinuity into vortex cores generate intense 
internal motions in a layer protocluster produced by a 


Fig. 31 

The separation of vortex 
cores at the advanced stage in 
the development of instabil- 


ity of a tangential disconti- 
| | ( | nuity. 


i KA y ions resulting from the instabil- 
ity and disintegration of ng fh the instal 
rise to the development tangential discontinuity gives 


ren While the total mass of 
: .> Comparable to the of a clus- 
ter of galaxies, the internal eddies ican masses of 
S of individual galaxies. The 

Condensation of eddies 


dynamics of a turbulent fuer features of the hydro- 
At the expected values of velocities and characteristic 
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lengths of internal motions induced by the disintegration 


pi tangential discontinuities, the Reynolds criterion 
ng the appearance of turbulence is fully met for 
ise physical conditions in a layer protocluster. Turbu- 
ities: of this origin is characterized by considerable veloc- 
ia s:] however, they are less than the velocity of sound 
h he medium. The gas in the protocluster 1s strongly 

eated; as we have already mentioned, it was heated and 


made denser by the energy of the opposite motion of gas 
or converts into heat, at 


ayers: this energy dissipates, 

e fronts of the shock waves pounding the layer proto- 

cluster. The temperature in typical protoclusters reaches 

tens of millions of kelvins, while the velocity of sound 

is several hundred kilometres per second. However, the 
initiating the fast 


Velocities of the eddies capable of 
of times less. 


rotation of galaxies are dozens 

The fact that protocluster turbulence develops under 
Subsonic conditions makes it possible to apply here the 
general qualitative ideas and quantitative results elabo- 
rated in hydrodynamics. 

The major eddies within the motions of a turbulent 
ayer protocluster are vortex cores; their energy is cap- 
able of supporting smaller eddies, and it appears that 
as times goes by, there should evolve an orderly hierarchy 
A de transmission of energy from a few 

of smaller eddies. In 

the smallest eddies, the energy of hydrodynamic motions 
dissipates, i.e. transforms into the energy of thermal mo- 
tions of particles under the effect of viscous friction. The 
turbulence of the Kolmogorov typ? seems to occur in 
al isotropy is characteristic 

of the latter, i.e. the absence, 0n the average, of specific 
directions. Naturally, the major eddies are strong hetero- 
Seneities in the motion of the medium, and strong de- 
Viations from isotropy 22° associ 
deviations from isotropy do not dis 
ecause the number of the major ed 


than, say, ten. But this heterogeneity 1s rapie. 
in a cascade of eddies, and the orienting influence of 


major eddies is not felt in eddies that are several times 


Smaller. 
Comparing the concept of a turbul 


Tt 


ent layer protocluster 
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with the Weizsicker-Gamow hypothesis, we can note 
that our concept completely retains the attractive fea- 
tures of turbulent cosmogony, along with its profound and 
imaginative physical content. However, a novel solution 


is offered for the nature of pregalactic turbulence: pro- 
togalactic eddies appear as regular effects caused by the 
whole preceding evolution o 


f the metagalactic structure 
in the isotropic expanding universe. The same motions 
that produce large-scale condensations, or clouds, in 
the metagalactic medium give rise to the internal turbu- 
lent eddies in layer protoclusters. This explanation of 
their origin requires neither special assumptions nor 
hypotheses. 


ties of individual volumes 
of the medium should have been 


this energy is lost, i.e. co i 
erg S. Converts int 
cous friction. Ther are 


the eddies separate. 


xies appearing when 
the gaseous protoclust 


Ocity of 30 km/s in 
nt for a galaxy such 


The Spiral Structure fe 


sy to rotate with a velocity of 300 km/s (almost one 
oe from the centre). 

m e can assume that the clusters of galaxies, like the 

Treust (in the direction of the Virgin (Virgo) con- 
ellation) to which our Galaxy belongs, 


i were produced 
a urbulent layers. Most of the galaxies in these clusters 
e spiral, and there is a sm 


Prob all number of gigantic spirals. 
feo ably, the gigantic spirals are, in fact, separated vor- 
x cores, while the spiral galaxies of smaller masses were 
Frodhced by the eddies of a turbulent cascade. Clusters of 
toe type are said to be irregular: they are patchy and do 
a exhibit an orderly general structure or visibly regular 
ep This is, perhaps, a consequence of the violent and 
chaotic nature of the internal motions in the primordial 


turbulent layer. 


y contrast, there is a smaller number of regular clus- 


ters of galasies, like the one in the Berenice s Hair (Coma) 


Constellation, of a regular spherical or elliptical shape. 
appeared from the 


t can be thought that these clusters PP& 1 
Protoclusters of evolutionary origin, OF pancakes”. The 
Internal dynamics of these protoclusters is calmer; there 

of generating 


are no tangential discontinuities capable 
e. It does not appear to be 


laxies rather than spiral 
galaxies predominate in regular clusters, while the rota- 
1on of elliptical galaxies, if any, is much less powerful 


an that of spirals. 


The Spiral Structure 


Of the visi : 
bl Jess than 
galaxies, a peor tf is only natural to assume that 
spiral pattern is a frequent feature of a galaxy rather 
an a rare phenomenon. The high percentage of spiral 
Balaxies also indicates that they 3p long-lived. ‘ 
in yest Of the youngest and prightest stars ae gente 
7 the spiral arms extending from galaxies. This is the 
ason why even the most remote galaxies have a distinct 
a pattern, although than several per cent 
e galaxy’ elong t , 
j,Most“Rreguently. tere = two spiral arms wound in 
e same direction. There also occur more complicated 


70 per cent are spiral 
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i ith three or four independent arms, and these 
oe a branch out, too. The arms are always loga el 
in the plane of galaxy rotation. Most often, the arms a i 
more or less wide open, but sometimes they are woun 
tightly and appear as rings at first sight. Some panai 
have a bar traversing the nucleus: if this is the case, the 
arms originate at the ends of the bar. A 

Figure 32 shows different types of galaxies in the tuning- 
fork diagram suggested by E. Hubble. The handle of the 


Q Fig. 32 
AN) 


Types of galaxie 
-@-@.- 


according to E. Hub- 
ble. 


sequence was of 
was believed to } 


a nonrotating (or w ating) cl alaxy 
would become elliptical, 8) cloud, the g 
Then what is this spiral pattern? 
When the study of i 


retained the original spiral shape of the gaseous arm by 
their location and motion. 
Before long, however, it w 


Mais as discovered th 
of such an origin would S00; 


4 at spirals 
n disintegrate b 


ecause the 
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soaps of galaxies is not uniform. Rotation is uniform, 
body ee ata constant angular velocity, as in a solid 
balk’ re y in the inner area of a galaxy; but in the main 

of the disk, i.e. beyond this area, rotation is differ- 


enti 6 5 : EARE 
tial rather than uniform, i.e- the angular velocity is 


n 
ot constant but changes (decreases) towards the rim of 
differential rotation could 


mhe galaxy. This nonuniform 
TS o the complete disappearance of the spiral pattern 
ae, three or four turns of the galaxy. | Á 
stand additional factor is needed for a spiral arm to with- 
sa the deterioration. Magnetic fields of galaxies were 
be as such a factor. It was pelieved that a spiral 
ta retains gas as a tube does, and the lines of the magnet- 
tl orce lie along this “tube”. However, it was discovered 
hat the magnetic fields of galaxies are t00 weak to with- 


an differential rotation. 
fo he modern concept of the galactic spiral pattern was 
theme during the past two decades on the basis of other 
oo In 1964, C. Lin and F. Shu suggested that the spiral 
ae ei be viewed as a wave propagating over the galac- 
L disk. Similar ideas had been offered much earlier by 
a Lindblad, but he had used rather complicated and 
nappealing mathematics. While the initial concepts 


Compared the spiral pattern to jets or tubes containing 
ginning and during the 


ne same particles from the be 

tire period of their existence, the wave concept sug- 
ests that the spiral is a state of condensation propagating 
Over the disk and passing from some particles to others. 


nd in this case both particles of the interstellar medium 
‘no ones and those emerging 


and whole -istin 
in the eae eee bona te understood as particles. 
A wave produces compression in the distribution of 
Particles rather than drags them with it. It passes from 
Some particles to others, producing compression out of 
new particles at a new site. This is a basic property of 
any wave process. The same happens to waves on a water 
Surface: if a stone is thrown into the water, waves spread 
in circles, but water does not follow them. A straw would 
Not be carried away by the waves put rather stay in one 
Place and bob up and down- I 

roduces ring compres- 


A wave t 
i on the surface of water P I ‘ 
Sions if the water is not flowins- It looks quite differently 
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if there is general rotation in the water: when it, say, 
drains down a funnel or it is stirred with a spoon as in 
making tea. Everybody knows that a wave in rotating 
water forms spirals rather than rings. And this is what 
happens in the disk of a spiral galaxy. 

Naturally, the medium whose Particles are whole stars 
is not very much like water, 
ent media are very similar. 
waves in a rotating disk mad 
C. Lin and F. Shu an 
A. M. Fridman, 
with the handy picture -of sp 
water from our d 


es in the disk, etc. ¥ 
f a wave’s spiral pattern is its uni- 
form rotation. Although the disk of a galaxy rotates differ- 
pattern rotate 


and distinct and retains 


its regularity, undisturbed by differential rotation, over 


the entire disk of a galaxy. 
Consequently, 


_Conseq: a wave produces compressions in the 
distribution of Stars, and the wave cr 


The point is that the inters 
the spiral arms together with Stars, 
stars there. They are very bright at 
their evolution and therefore stand o 


tellar gas gets condensed in 


and it produces new 
the initial stage of 
ut among the other 
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Star, $ 
thie a the disk. Observations of the neutral hydrogen in 
of our Galaxy (by its emission at the 21-cm wave- 


len I 
(Fie 33 indicate that the gas does produce spiral arms 
- 33). For young stars to outline the arms distinctly, 


[I so tty 
il sn | 


R 


i! 


ue 
i li sn 
i 
wave data on the dis- 


tributi f atomic hy- 
ill! ear atomic hy: 


iy 


Mui 


gua" 
Hyg 


eigh rate of transformation of the 885 into stars is need- 
at pend furthermore, the duration of a stars evolution 
oe initial bright stage should not þe too long. Both 
Co Tequisites seem to be met under the real physical 
P nditions of the galaxies. The duration of the initial 
i ase of evolution of bright massive stars 1S less than the 
He for an arm to shift noticeably in its general 
on. 

bape om and S. B. Pikelne 
isi of star ation 1D 3 
E is based on an aaia of the hydrodynamic processes 
th the interstellar gas cause the relative motion 0 
the gas and of a spiral arm- he velocity of rotation of 
gala pel pattern and the velocity of rotatio i 
ctic disk are different. Since this is so, the gas Bows 
arough the spiral arm, or, W ich is the same, the spiral 
ree moves through the gas- is relative motion is char- 
So erized by velocities greater than the velocity of 
Und in the gas. The gas can be regarded as moving 
Tough the arm with @ supersonic speed. This causes 


T developed an attractive 
jral arms. The hypothe- 
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in!) when the gas “collides” with the 
a shore va se compressed in the shock bai 
sts as fs, probably, the “triggering mechanism” fo 
thé rocess of star formation. A ate 
Wie relative rotation of the gas and the spiral pie 
the only cause of star formation, then one can expect 


the star formation is hindered in the circle of the galactic 
disk where both velocities 


of rotation are the same, aa 

the circle itself (the corotation circle) should be scarce 
young stars. However, no dark rings in the spiral patte z 
have so far been observed. This probably means ma 
apart from the Roberts-Pikelner mechanism, there ae 
other processes initiating star formation which do n 
require relative motions and for which even a small com 
pression of the interstel] 1 
There are man aiting to be solvet 
in the th despite all its achieve- 
roblem is that of the di- 


ct, this is the problem of 


|] arms is probably controlled by the 
specific conditions of the Wave generation in each given 
galaxy. C. Lin and F., S 


T P 
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a a condensation or a satellite galaxy, should be 
ih at the tip of a spiral arm. 
at Hse are quite a few galaxies possessing condensations 
Haves tip of a spiral arm, ¢.8- the spiral galaxy in the 
he ing Dogs (Canes Venatici) constellation (see Fig. 18). 
thst cn generator in our Galaxy may be located at 
disk Pe from its centre, at the periphery of the galactic 
aoe The linear velocity of rotation there amounts to 
it ut 160-200 km/s. Evidently, this determines the angu- 
ee of the whole spiral pattern, which is the same 
Gn the whole galactic disk. It is usually expressed in 
s (S-kpe). Thef linear velocity mentioned above corre- 
oe to the angular velocity of 41-13 km/(s: kpo). The 
Sk gular velocity of rotation of the galactic disk in the 
aie of the Sun is about $ 
fi km/(s- kpe). 
_the spiral pattern possess 
y ; 
a this angular velocity does n 
kaS the distribution of the n 
z of our Galaxy. : 
op oWever, these data are still not definite: they allow 
for an alternativo. It is quite logical to aster that the 
jpenerator” is at the centre of the Galaxy rather than at 
be periphery. The source of spiral wave generation could 
e the hydrodynamic instability produced in the central 
of rt of the galactic disk owing t9 the specific propertios 
the rotation curve in this area- This idea was suggested 
Y A. M. Fridman and V. L. Po 
the ere L. S. Marochnik and ‘ 
cities spiral wave can be generated by 
od mag a E cou oa 
P ctic pein 
Of ential praean because ne gravitational Ge 
a sphere on whether or no sphe 
oe Unpaid apart han similar to the one 
served in alaxies (see Hubble s 4188 i 
he bar T er its short axis 1n the middle. 
G he velocities of rotation in the central part of the 
alaxy are greater than at its eriphery- This is the rea- 
Son why the spiral pattern of this origin rotates faster 
Ta an external generator. Most 


an that in the concept of : 
Probably, the es salary of rotation: sa 


half as much, i.e. 


ing two arms and rotating 
ot seem to contradict the 
eutral hydrogen in the 
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km/(s-kpe). And this is in keeping both with the 
ia the distribution of neutral hydrogen and the 


available data on the rotation of the inner areas of the 
Galaxy. 


It is interesting that in this case the Sun should be 
located in the corotation circle, i.e, where the velocity 
of rotation of the disk of the Galaxy and the velocity 


knows, for other recisely in the direction 
of the corotation 


Galaxy... 


Chapter 4 
The Bj 
e Birth and Evolution of Stars 


Over š 
of q aine tenths of the matter in 


99.9 


but 

with the of them are like our 

iscuss Sun and other “common” stars; 

Sun), r pulsars and bursters (which are quite unlike the 

evolution formation of the first stars in our Galaxy, the 

Mation n of a star, the processes of present-day star for- 
, and finally, black holes, the terminal state of 


a i 
Massive star 


T 
he Sun and Stars 


Th 

es 3 

ot pe like other similar stars, 

tion co ept intact by its own 8 
mpresses the gas and draws its 


toget 
gas a as possible. The pressure dev 
in the opposite direction and 


he f p directio? |. 

as orce of gravitation 1S direct 

theie while the force of pressure i irected outwards; 

ium counteraction establishes and maintains the equilib- 

Sands in which a star can survive for millions and thou- 

The millions of years. 

the t Pressure in the Sun reaches 402° atmospheres, 

emperature is estimated at 44 million kelvins. The 
h temperature are maintained 

ntinuous nuclear reactions 


rical mass of 


The gravita- 
les as close 


is a sphe' 


and 


gre 
2 oat pressure and the hig! 


central zone owing to CO 
trogen eee into helium- The released energy 
oit through the mass of the Sun 
= surface and then outwards: The Sun emits 4x 4026 J 
ergy per second. Most of this energy is carried out 
waves, DY electromagnetic 
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i the present-day rate of production 
Tanp T E the Sun’s “nuclear reactor” = 
ae pont ar with fuel for more than 101 years. oe 
wen Fte proceeds from the fact that the aen ie 
eg os oen into helium releases (as emission vier 
Shout one per cent of the rest energy of matter, i.e. cecil 
401? J per gram of hydrogen. Since the mass of hydrog 7 
in the Sun is of the order of 1033 g, the resource of energ 


is about 10" J. Dividing this value by the Sun’s ha 
nosity, we obtain the time for which the Sun is capal 
of emitting light owing to the nuclear reactions occurring 
within it. 


The remarkable ide 
the source of the | 


with due reg 
and astronomy. 


n such an initial state depends 
tee resource and the rate of its consump- 

S of a star, the greater its energy 
the greater the luminosity of a star, 


e s. Considering large stars, three an 
more times more massive than t 


a star. If a star, for example, possesses 50 Sun masses, 
its nuclear fuel can be consume in several million years: 

One can assume that the Sun is going to stay in its 
initial state for a long time, while the evolution of more 
massive stars occurs much faster, and when an essential 


Gravitat; 
itational Condensation m 


gnificant changes of 
evelop in the struc- 
r initial 


par 

ge the nuclear fuel is spent, si 
ture Be SoA stars should naturally d 
Sake a they should proceed far beyond thei 


Gravitat; 
avitational Condensation 


St 
Bn one formed and reach a state : 
Clouds ing to the gravitational condensation of rarefied 
famoy: or gas. This idea goes back to Newton (recall his 
is thes cosmogonical letter” quoted in Chapter 2) and 
on Starting point for modern star cosmogony. As New- 
Pictured it,' the fragmentation of the uniform medium 
alona formation occur owing to gravitational forces 
inter Provided no other forces, if any, prevent it. It is 
ang esting that Newton compared two cases, i.e. a finite 
With 4n infinite space (more tely, volume) filled 
into q atter. The matter in the fir s uld collect 
Tate one body, while its fragmentation into many sepa- 
e ondensations should occur in the second case. 
iito is infinite and m ae 
mly, every point has equa’ T , and " 
fe ny special poit to which “all matter in the m 
sin l could gravitate as to the centro. There is no such 
unst © centre, and the uniform distribution of matta is 
Sho He and cannot be at rest. Consequently, : er 
Sepa d be an infinite number of centres around whic 
a masses of matter should collect. ‘ nies 
consi what is this infinity of space 0r V° ae : 
ize iderations? In fact, infinity here means that the ae 
Size of the distribution is much greater than kent ai 
Sam used as a characteristic length, a eee ed al 
sizo. time finiteness here means ŝi Poy thai TE the 
sizo. are commensurate, or close to each other. A 
Q th of the area filled with matter 15 muel pres, i han 
: Aracteristic length, the matter will divide he rag 
ents; but if there is no such @ strong inequality, the 
SS will remain compact and contract as a whole. i 
St probably, this is what Newton implied in his 
cha osonical letter of 1692; however the satira of the 
19 Tacteristic length was only revealed by J. Jeans a 
Essentially, the space scale 18 determined by the 


similar to that of the 
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itati f pressure 
i vitation, such as the forces of ane’ 
eee stay elasticity of matter. This characteristic lengt 
si EER already as the Jeans length. 
has 


’ 0 e forces vitation 
s of gravl 
In fact, the counteractior f the fi t 
and pressure in a rarefied 


e 
medium has the same ae 
« 7 
in a star. But in a star these forces reacha Sa ean 
is ming equal to each other and therefore esta sa 
A Tana There is no such balance in a ra 
a . 
gravitating medium: ag far 


proper genvitatnion 
nsation or the counteracting for 
of pressure due to the d 


5 on- 
TOp in pressure between the c 
ronment, 


e of 


* en- 
Ps when the size of a cond 
n this critic 


nd any other star where the forest na 
nd pressure balance each other have a si 
equalling the Jeans length. 
But the Jeans 


y 1 
length is not a fundamental, unive 
am ys and anywhere, but ratl 
dependin on c 


Cascade 
e Fragmentation ie 


tegrate: 
: to be more accurate, we can find the lower bound 


af ce size. 
si bps 
ysical conditions were essentially different during 
first stars in the 


diffe: 
i of star formation. The 
and this = diay ol in a contracting protogalactic cloud, 
ion of ie formation finally put an end to the contrac- 
fragmontati protogalaxy as a whole. The possibility of 
its size gr ion of the protogalactic cloud required that 
greatly exceed the Jeans length, then the separate 


frag 

7 me A A P! 
ical nts of it could also have sizes exceeding the crit- 
i d in this sense is the 


infin; : 
means pedum in Newton’s concept: infinity always 
Over SO a considerable predominance of something 
f the unj hing. It is only in cosmology that the infinity 
a lative enn as a whole has an absolute rather than 
Teally inf sense; if a volume of space is infinite, it is 
inite en i.e. cannot be expresse 

s, and it is not simply much 


o 
ther volume 

Th . : 
i -y now are born 1n 


in the; 
heir Properties from the layer protogala 
d be much greater 


again 3 
than e size of initial clouds shou s 
T length for these clouds to break up into 


Ca 
Scade Fragmentation 


The 
20 protogalactic cloud did not 


tions wi 

t ith ma: 6 c 
oe re aren formed which, 
pale i til the 

co » decomposed into smaller 1 
onpnsations formed star masses. This successive frag- 
ually. eo is evidently possible if 
oth th ecreases in the process of gen 
Which it whole cloud and each of the 

The 2t breaks up (Fig. 34). i 

is „o cans length does decrease during r 
OF ti essential that it decreases faster than the total size 
fragme whole cloud while it contracts. This is why 
appear. progressively smaller 1 size and mass can 


8—0838 


break up into condensa- 
it is more likely 


ø contraction. And 
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This behaviour of the Jeans length is controlled by ge 
specific nature of change in the pressure and density ae 
the contracting cloud. The fragments into which a pro a 
galactic cloud breaks up emit photons into the lations 
ment and therefore lose some of their energy. However, 


Fig. 34 i 
The Jeans mass vs. density 
during cascade fragmen ka 
tion. The Jeans mass sae 
amount of matter within $ 
volume of the Jeans Jeng" 
size. Logarithmic scales along 
both axes. 7—the aren n 
transparency where contra a 
tion is accompanied by irag 
mentation; 2—the area 
opacity where contrac he 

occurs without fragment 
1 tion 


Jeans mass (Sun masses) 


1074 


Density, g/cm? 


they do not cool because the thermal energy of each frag- 
ment is constantly replenished during contraction at the 
expense of gravitat 


ional energy. The result is that con- 


traction occurs at an almost constant temperature close 
to ten thousand kelvins, 


This temperature corresponds to the boundary betwee? 
the ionized and nonioniz. 


ed states of , the prin- 
cipal element of protogal pra aydrogon 


le at lower temperatures: 
her, thus producing ator 
n the thermal motion. A! 


ather intensely because of the 
en the 


Cascade Fi 
de Fragmentation o 


bon 

e me atoms. This energy is not retained in the 

of their e the atoms soon release the excess energy 

which le: ectrons as quanta of radiation, i.e. photons, 
eave the condensation at a high rate. At lower tem- 


Perat: 
Ris: y ; cee 
s5 aoe an essential emission cannot. be produced by 
ctrons because most of them are bonded to atoms; 
oms cannot be intense 


at th f 
he same time the radiation of at 


ec: 
ause the energy of thermal motions becomes too small 
carry atoms into 


an Sa 

a eoo lisions between particles cannot 

hydroze ed state. And if the medium does not produce 

o Barnes molecules (these molecules require less energy 

E by thermal motion), there 1s generally no 
Ssion of energy from a system at temperatures less 


than 404 K. 
EPR may say that a self-regulation of temperature oc- 
to the a compressing gas. The gas cools rather intensely 
but i marginal temperature of ten thousand kelvins, 
his vatist cooling is impossible. And any heating above 
elimi emperature because of contraction 1S immediately 
i eam by radiation. Consequently, the temperature 
aines the whole process of cloud contraction 15 main- 
roe around the above-mentioned specific value. 
{0% 3 ulations show that the s length is about 
from x102 em at a temperature 9 10! K and density 
to ti 10-27 to 10- g/om® (the latter value corresponds 
a le typical density of a galaxy; i.e. to the density of 
Protogalactic cloud when its general contraction comes 
i masses from 


ethene i tains 

to 1000 ). A volume of this size conta i 3 
milli condensations probably 

pox pan HOY A l fragmented at an 


ap 
Peared and were then contracted ane 


almost con 
: stant temperature. ; y 
the fe a large cloud contracts and its depen, i Ta 
i eans length decreases with time from the charac 
Wit value 1024-310 cm, an the masses of fragments 
hin this cloud also decrease- Is the process unrestrict- 
tee that infinitely small masses can appear? No: it is 
sop, Oner or later the fragmentation ceases and urther 
Paration of small fragments becomes impossible. 
it ie point is that while the density of matier increases, 
of mes more difficult for the ph tons which oayry Pom 
ti he energy from a condensatiqk to leave this condens- 
: on. While they leave each of the fragments with initial, 
= 


y increases, 
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Ses . A he 
A ll densities without hindrance, t 

somma | ens with greater densities at the later 
oe contraction. The photons now, as it were, as 
— in the medium and move to the boundary of t k 
eerie much more slowly than in a free flight yee 
they interact with the atoms and electrons deflec a 
them from a rectilinear path. A photon leaves a beg 
ent fragment along a straight line, whereas it - at 
an opaque fragment along a broken line and does no 5 z 
to the free surface quickly. Therefore, the whole tra 


parent fragment loses all its energy at once, while the 
losses of energy of the o 


paque fragment occur only through 
its surface as the photons generated inside reach the surface. 

As soon as a fragment becomes opaque, the meng oa 
ship between its size and the Jeans critical length (t 
latter being controlled by pressure and density) changeri 
As we have already mentioned, the decrease in the Jean: 
length in tra 


nsparent fragments occurs faster than the 
reduction of size due to c 


the energy rel 
much more s 


ns length declines 
lowly, and the size of the 
up with it. i 


fragment can catch 


The t” fragment i 


“las n cascade fragmentation, whose 
sıze is comparable to the J 
incapable of further fra 
it above in connecti 


gmentation terminated by opac- 
ity was suggested by F, Hoyle in 1953. His junior col- 
league M. Rees has Tecently shown that the “last” frag- 
ment possesses a mass equalli 
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Stage 
of 
transparency occurs at a constant temperature 
e have seen, this is 


ofa 

ee thousand kelvins (as W 

can ane and then the mass 0 the “last” fragment 

constants e expressed through fundamental physical 
such as the gravitational constant, quantum 


langle" 
s constant, the velocity of light, and the mass of 
“Jast” fragment is close 


ah 
to tee atom. The mass of the 
The pi og star masses of astronomical observations. 
cture of cascade fragmentation causing the for- 


Matio 
n of the first stars in our Galaxy and in other gal- 
put it does not, natu- 


axies i 
rally zs both elegant and simple, 
Droas to ae the entire diversity of the physical 
One AE TE a contracting protogalactic cloud. Therefore 
tion sh not think that every star of the first genera- 
he t ould possess a very small mass 
o gbulization ot te i 
should etween clouds, shock 
e mB be taken into consideration, 2 
althou: EA much more complicated and involved. Anı 
nonethel, much remains to be studied in more detail, it is 
oth a ess clear that the first 8 uld include 
eala stars and stars with masses 
oth an the mass of the Sui: ; 
sation small and large stars begin a$ contracting conden- 
are pr that do not undergo further fragmentation. They 
PR i aan whose temperature gradually increases 
Oer when they become opaque, the transport of energy 
inne rds is slow. Essen lace in their 
alk structure: their density remain uniform 1n 
iphe: and it builds up in the © than at the per- 
the ty. The central area becomes denser and denser, and 
tefore hotter, and finally nuclear te tions begin- The 
the internal pressure SO 


nuc] 
e . 
ar energy release increase’ J 
of balancing the grav- 
tar ceases, 


muc e 
faa that it even becomes capa 
and the The general contraction of the protos 
com he transfer of energy from the surface outwards is 
Pensated for by the “nuclear reactions 10 the centre. 

jnto a star. This 


Th 
us x 
a protostar condensation turn: 1 
densation takes, depending 
ears for massive 


last 

on oer of gravitational condensat 
Stars e star mass, from several million y' 

tars to several hundred million years for stars less mas- 


S 
tve than the Sun. 


waves in th 
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The Interstellar Medium 


Most of the stars of the first generation might not have 
been very massive; but those scarce ones whose mass 
was 10 to 50 times that of the Sun could essentially have 
evolved and transformed in ten or a hundred million 
years, i.e. in less time than the duration of the general 
contraction of a protogalaxy, which takes 108 to 101° 
years. Massive stars use up their nuclear energy sources 
at a far greater rate than the Sun, When hydrogen in a star 


P and transformed into helium, heavier 
elements, up to iron, 


are synthesized and then the star 
may explode and throw the heavy elements, both produced 
earlier and in the process of the explosion, into the en- 
vironment. 


Tt is probable that during the first several hundred 
million years of 
galaxy, the accumul eavier than hydro- 
n general. The 
and more abun- 
ments as carbon, oxygen, nitrogen, etc. 
dial gratter in the universe, out 
S were formed, contained 70-75 mass 
per we hydrogen, 25-30 per cent helium, and an insig- 
cee ad mixture of deuterium, lithium, and other light 
aah (10 . Per cent). However, the initial material 
or He formation of the stars of the next generation was 
2 medium essentially rich in carbon and other heavy 
elements (1-2 per cent) thrown out by the exploded 
stars of the first generation. The role of this admixture 
for the process of star formation and evolution, for the 


: un, its plane : imation 
of life on the Earth is very Pirie ea the originati 
„ The gas left after the formation of the first stars grav- 


the system. Tf : A 

o X -4 a protogalaxy pos 

sessed a great angular momentum, the Draen Ea ra the 
ave way to its 


accumulation in the 
galaxy when the force of gravitation 
to the effects of inertia. The flat sub- 
alaxy appears to have been produced 


Further star formation could only h 


system of our G 
this way. 


ave occurred in 
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the centr 
considerable es of the Galaxy and in its plane: there were 
his process masses of gas there rich in heavy elements. 
Spiral arms Gat aaa during the modern epoch in the 
ae of the 8 the Galaxy, where observations reveal 
hat the fo youngest and brightest stars. It is noteworthy 
as it were po ene of a new generation of stars occurs, 
the oria ore our eyes, and therefore, in contrast to 
study of e discussed above, direct observational 
1e cosmogonical process is possible in this 


Case, 
ations, i.e. obser- 


vations i 
in the visible light by means of conventional optic- 
fact that the 


nd we view it from 


arth is j 
within. Th the disk of the Galaxy: @ 
he presence of clouds of gas and cosmic dust in 
interferes with our ob- 


t ne . 
disk and therefore around us 
00 many cl I f the Galaxy: there are 
US eyer Ain ouds in the line of vision, and they hide from 
vations. an that takes place at great distances. Obser- 
are on] me the disk of the Galaxy in the optical range 
kpe y possible in the close vicinity of radius of about 
disk is i.e. 6102 cm. However, the diameter of the 
greater 30 kpe, or 10°° cm, which is about 20 times 


effective tools 


adi 

o astronomy possesses MUs y 
y Radio waves 1n the cen- 

ngth pands propagate 

absorbed in the 


tually not 1 
ance are radio 


ecial i 


Duri 
ees, the 1940’s, van de Hulst and 
pio tenon to the fact neutral atoms of 
should in the diffuse medium of Te < of the Galaxy 
ciated emit 21-cm radio waves: This emission is asso- 
with the transition of the electron in à hydrogen 
another around the 


ato 
m 
from one energy level t0 
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i cited, state of the atom. These levels are 
as hey ain other and only differ in the reciprocal 
n of the spins, i.e. the intrinsic angular moni Si 
er the nucleus and the electron: the spins are poe 7 
at higher energy levels and antiparallel at lower a fl 
levels. The intensity of emission at this wavelength 


cates the concentration and temperature of neutral tee 
gen. Radio emission of this nature was first registere 
1954. 


Further investigations showed that neutral hydrogen 
is distributed up to 20 kpe from the centre of the Gaay 
The temperature of interstellar atomic neutral hydrog 
amounts to about 100 kelvins. T 


he average concentration 
in the disk is close to one hydrog 


metre, which corresponds to 10 
rable to the av 


The width of 
200-300 pe. A 
is concentrat: 


en atom per cubic centi- 
-%4 g/cm?: a value compe 
erage density of the Galaxy as a who t 
the layer of neutral hydrogen is abo n 
considerable portion of neutral Bye 
ed in the spiral arms of the Galaxy. 8 
distribution of neutral hydrogen emitted at 21-cm wav 
length is crucial when the spiral structure of the Galaxy 
is discussed. 

t is significant that the 
contains molecules it in the radio-frequency 
range. The hydroxyl group (OH) emits at 18-cm wave 
length; the emission of interstellar hydroxyl was predicted 
J . lovsky and discovered in observation 
in 1963. The intensity of this emission in the direction 
e Galaxy turned out to be rather oe 
out 50 different molecules were a 
„z Such as water (H,0), hydrogen (E ie 
carbon monoxide (CO), etc. Rather unexpected was th 
discovery of such tomic molecules as, for instance» 
ethanol (C;H,OH). The list of molecules discovered is 
the interstellar medium is supplemented with every pass 
ing year, 


«co round the centre of the Galaxy who 
outer boundary is close to the orbit of the Sun (its radiu 


The Int 
erstellar Medi 
edium im 


is abo 

about ve 10 kpc), and the inner boundary has a radius of 

observed ee The greatest density of the molecules is 

the thickn, etween the radii of about 4 and 7 kpc, where 

or three ti ess of the ring amounts to 100 pe, which is two 
mes less than the thickness of the neutral hydro- 


gen lever. 
e 

on Rada Sa of the medium in the areas where car- 

10 kelvins ide and other molecules are observed is about 
States as Collisions can only excite the lowest energy 
Oxide rion temperatures. These states in a carbon mon- 
own axi ecule are associated with its rotation about its 
Perature « The collisions at the above-mentioned tem- 
ils molecule this rotation (the weakest one allowed for 

a stop, o cule by the laws of quantum mechanics), and 
emission. cessation of this rotation, iS accompanied by the 
SPondin of a quantum of electromagnetic waves, cOrre- 
g to the 2.6-mm wavelengt i. The emission of 


Inter, 
Stellar carbon monoxide Was discovered in 1970 by 
years earlier they had 


Dawes 
discovered and R. Wilson (five ] ; 
eagues ed relict radiation) together with their col- 
io 
are ho most abundant molecules in the disk of the Galaxy 
covered | of hydrogen (Hz)- Molecular hydrogen was dis- 
of emis in the interstellar medium by its ultraviolet lines 
M the n and absorption. This became possible only 
Oped, (the s, when extraterrestrial a 3 v 
except iby ultraviolet radiation © all celestial bodies, 
atmosph e Sun, is completel 
ro aae) The total mass ° ; 
he Qal.. close to that of atomic hydrogen in 
ata chee This estimate is obtain 
carbo the relative contents © molecular hydrogen an 
n monoxide in close molecular clouds where the 
e determined inde- 


total 
numbers Jes can 
of both mover “and ultraviolet obser- 


Pende 
Vati ntly (th a +) X-ray» 2 
e data ofati z ee this). The number of 
þe about ten 


lons 
hetinga o spacecraft are used 3 
gen molecules in such clouds proves to 

of carbon monoxide 


thor 

AS $ 

molecule times greater than tha 

diffe ules. Direct observations o molecular hydrogen are 

the t at great distances, scientists, piere TG 
ove relationship is ty ical for the M0 ecular clouds 

ship i then both molecular hy- 


of th 
e galactic disk. If this is 5% 
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and carbon monoxide are concentrated mainly a 
one of molecular clouds; however, the gencral ba 
tribution of molecular hydrogen is different. from 
of atomic hydrogen. This is illustrated in Fig. 35. m 

The origin of molecules, especially the polyatomit 
ones, appears to be associated with the physigoekemina 
processes in which the active role is played by cosmic dus k 
Cosmic dust consists of tiny hard particles, mainly carbo 


~ 


S 
a 


n -3 
Concentration, cm 


Fig. 35 : 
The distribution of 
molecular a) Emen 
atomic (2) hydr agas 
a in the disk of 
i E a Galaxy. 
Distance from the centre, kpe 
ones or with an admixture of ice, measuring 10-*-10- a 
They can absorb Visible light intensely, and this is, i 
ady menti ain hindrance to oprita 
in the disk of the Galaxy. Dust accou 


E Aia ar 
mass in the interstellé 


; ] coe 
ith dust particles in their A 
S, stick to their surface, and can then he s 

mical interaction and join into molecule 


Jes are 
ace of dust particles 4 


we have alre 


. rerages 
and furthermore, the oe aoum on tie a 
vides enough tim pletion of chemical a 
cesses. The surf ust particles acts as both a eae 
and a catalyst. The interstellar meditin. thus produce’ 
very complex organic Molecules, ẹ g amino acids. Mos 
likely, the origin of the oi a ounds found 1° 
chondrites, i.e, meteorites of a specific toe is the same 
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The 

ender particles themselves appear to form in the 

m heavy adspheres of red giants, cold stars abundant 
atmosphere. ements, mostly carbon. Matter escapes the 
Cosmic pies of these stars, diffuses in space, and thus 
Mterst, st particles mix with the gaseous matter of the 

he rrp medium. 

or less pace density of the gas-dust me 

size of gularly only over large s¢ 
ution 


dium varies more 
arable to the 
of } -scale distri- 
T iydrogen is shown in Fig. 35; cosmic dust, as 
follows Haa associates wit d therefore 
IS their distribution. The distribution of gas and 

; irregular; the 
increased concentration alterna almost 
ames or volumes filled with hot WP to a million 
Clouds and very rarefied gas- The condensations, 1-¢- 
average Possess a density some ten times greater than the 
50 pe j density of the medium. A d 40 to 
even a size contains a mass of @ hundred thousand or 
Clouds aillion, Sun masses. The total number of such 
The dae: Galaxy is 5-10 thousand’ oat saian 
sm -ith rather gree 

ove randomly with ! i grevirally par- 


Teach; 
tici 08, 6-8 k 
Pate i km/s. Furthermore, they ar- 
recall opi the general rotation of the disk of the Galaxy; 
50 km/ at the linear velocity of this rotation is 44%- 
3 S near the Sun. DN 
Condens esent-day formation of stars occurs M these 
Bef reas comparatively old an dense clouds 
ropert scussing this point, le us consider onie ied 
the me SS of the interstellar medium @ ssen tia 
alaxy pos- 


pee f 
h of star formation- G 
Sesseg m terstellar medium in the disk of the 
oe fields, Although their exis 
tl y fou ago, the inter netic 
fee ba oo and investigated U be 
atone? an Magnetic fields are de yen ie 
alae and e paee ti 2 Py js. The fields also 


he pr 3 5 

Propagation of radio W 
ion 0 

on magnetized me- 


&diur 
through a 


m 
Tave ee plane of polariz 
tum), ates when it travels 


124 4, The Birth and Evolution of Stars 


Magnetic fields are strongly associated with the clouds 
of the interstellar medium and move together with them. 
The general orientation of magnetic lines of force coin- 
cides with that of the arms in the spiral structure of the 
Galaxy. The magnetic field strength in the disk of the 


Galaxy reaches 3X10-* to 3x10- oersted (Oe), which 
is several hundred thousand times 1 


of the 
Beth. ess than that 

The first ideas concerning the existence of interstellar 
magnetic fields were offered in connection with the prob- 
lem of the cosmic rays te- 
tained in the Galaxy. G05 
mic rays are charged par- 
ticles (electrons, protons, 
the nuclei of heavier ele- 
ments, etc.) moving with 
velocities close to the es 
ity of light. (See the 
bev, Le it (1967) 
listed in Recommended 
ogg- Literature.) Researchers 
Fig. 36 aloy ° aat ees ie 

bab within the Galaxy for 
The aie oe charged parti- eral million peat EA 
force, ine of magnetic though they could escape it 
in a hundred thousand years 
if allowed free flight. They 
of the Galaxy by magnetit 
ged particles move along mag- 
Owing spiral or helical trajecto- 


volume 
char; 
foll 


: Sa e 
Galaxy. The picture of peera radio emission of t? 


Th 
e Interstellar Medium “i 


radi 
© halo and the radio disk are close to those of the 
ely; the area 


the centre (the nucleus) 


e i . . 

3 maai is the emanation of cosmic T 
Weaker Te field. It follows that a d |: 
halo han that in the disk) can be found in the galactic 
is sii while the magnetic field in the galactic nucleus 
eens stronger. 
gas- are three componen 
ie t clouds, PEA rays, and the magnetic field, and 
of E a specific kind of equilibrium petween the three 
erg which the total energy of the cosmic rays, the 
Tan w of the magnetic field, and the kinetic energy of the 
2 Sach motion of the clouds ate approximately equal 
this Pi other. So far it has not become quite clear - 
ver nergy balance is established and maintained. a 
as re is no doubt there is an intenso interp ay e- 

the eee clouds, the field, an the cosmi h 
“gjued” to the lines 
ic rays are rather strong y one eee 


ts of the interstellar medium: 


of mag J 
to th netic force, which, in turm 

12 movi ; 3 nships to be really 
the a ee are ret th energies of the 


Ctive and p 

, above all, reci rocal, 

Bae ee of the hig should he comparab yes 
of the energies in question amo 

wee sentanieies of he volume of the Galaxy on the 
ge. om . 

tire ecently, researchers have revealed that eae a 

at can be found in flat subsystems ae ag ae 

Pop ote rich in diffuse medium and y he of he 

And instance, the nearest gigantic spira gala uniform 

liven ay Nebula also contains a r dust clouds 

Cc Of neut: n and a $ 

Ontaining tral by droge molecules. The prightest stars 


form jthin this 
eo a i this galaxy are wi 
ring, i the spiral patton.” d in the Andromeda 


galaxy observe 
There i in irregu 
8 sisa Tot of goa ool OS 
uch as the Linge Magellanic Cloud observe 


lar galaxies, 
d in the sky 
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. ber 
hemisphere. There is also a great numi 
. e ee one which is an explicit indi nae 
ot pr relationship between star formation and the 
quired presence of rarefied diffuse material. foul 
The interstellar gas is almost absent only in e “td ae 
galaxies. But there are no young stars there, and = Tong 
cess of star formation seems to have come to an en See 
ago. These galaxies possess only a spherical er et 
(typically flattened to a certain extent), and ear 
system is similar to the halo of our Galaxy in its stru Goa 
and star population. Evolutionary processes in ellip 


A d- 
galaxies occur very slowly, the process is almost suspen 
ed, their stars take a thou: 


sand million years to as 
and “life” goes on only in the most central parts of 
galaxies. However, these ar 


at ich 
eas show such activity wh 


F 2 ‘ies (see 
is not foun l and irregular galaxies ( 


d in both spira 
Chapter 5). 


Young Stars 
At the beginnin 
of the first stars in the G 
on theoret 
and compr 

tion of sta 
epoch. 


Observations definite 
e loc 


d 
that of the already formei 
aurus type are usually submerg 
into dark nebulae. 
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The 

efi n z 

eee ae “cosmic masers” is a striking feature of 
. Physicists have spent much effort inventing 


and 

pro ~i š 

Operate duging these devices, and they were found to 
aturally in the cosmic medium. Recall that the 
ate of activation of 


Maser i 

he Ara is due to the so-called st 

of EEEE through which a source emits, i.e. the state 

cules, e aay great number of excited atoms or mole- 

is carried activation, or energy pumping, of the medium 

energy Maso by some other source. Photons with an 

or a molec rig ei to that of a transition of an atom 

are bound ule from an excited level to the ground level 

ate the e while propagating in this medium, to stimu- 

orcing at mission of new photons of the same energy, 
oms and molecules to return to the nonexcited 


State, 
can ae cositing flow of photons 
ae word ony prove to be strongly am 
ton by siai is derived from “microwave 
uch an ae lated emission of radiation”) 
xpectedly intense radiation from the molec- 


War cl 
ouds j 
1965 Fs a the Great Orion Nebula was discovered in 
g radio astronomical observations at the 18-cm 
i fa hydroxy! 


Wavele 
molecule pe ee to the transition 0 
i S. Sikis the excited state to the ground state. 
aser mech ky suggested that this radiation is due to a 
Volving j anism operating either in the dense clouds 
nto protostars or in the surface layers of pro- 
that the radi- 


the medium 


amplifica- 


the 
Metre, Thea part, amounts to ! 
a parsec. TI of the radiating area 
. The temperature of the T 


estimat, 

ould ‘Ne th about 1000 kelvins. It appears that these 

The disc e conditions in a protostar envelope. 

Y the di overy of cosmic hydroxyl masers was followed 
aves at Toe of water vapo emitting radio 
asers pro .35-cm wavelength. of “water” 

tote en to be greater than t 

6 on of M of energy pumping neede 

ne ission has not yet been revealed (probably, the 

intense inire 


rgy i : 
radiation gerida by the sufficiently 
heated dust or of the protostar itself); BOW- 


adiating matter 15 
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i the medi- 

hypothesis of the protostar envelopes as K 

pila ieee | ine effect is supported by the fact that bee 

pant molecular clouds where maser sources are oa 8 
ia contain newly formed bright stars, a relia 


inui ion. 
indication of the continuing process of star formatio 
The transformation of a 


accompanied by significant changes in its environment. 
This is primarily ; 
radiation, which shifts into shorter wavelength range 
As the surface of i 


er wavelengths appear, 


dissociate into protons and electrons, 


ionized. 


nvelops the star and forms a laye! 
region. Photons he 


regions emit 
been long si 


9 el B in the Henry Drape? 
Ing 9 classes desi 
O, B, A, F, G, K Ina 


nated by the letters 
: M, R, and w the Biter of changing 
fhe colour from bins to red. ti, Sun belongs to th 
intermediary class G; the eye is 
dle greenish- 
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est in 
our Galaxy. (The reader can find more detail on 


the st 

Shei od colours and spectra and the relationships be- 

y BA Win age, and luminosity of stars in the book 
. Vorontsoy-Vel’yaminov (1985) listed in Recom- 


me 

eed Liteeaiate-) 
o ien king feature of classes O and B stars 
Stars, Those joined within groups of up to several hundred 
bartsum ese groups are called OB associations. V. A- Am- 
cation a ‘vas the first to suggest that this is an indi- 
tively the fact that stars are formed in groups; collec- 
o ee Big than individually. Moreover, according 
groups of ata, young stars practically always join into 
antic st a kind. The largest groups of them are the_gi- 

Most eed complexes discovered Yu. N. Efremov. 
ongs to pees OB association , known in 
latter a star complexes or,very young st 
commonly typical members of star compl 
NOt wierd the age of the stars in star com 

here 3 50 million years. 
large molk no doubt that star comple 

dust ae clouds, i.e. major con 

associatio here are molecular masers (protostars), 

is Sotien and H II regions observed within them. 
evelopin imes possible to follow the sequence of events 
4 sacar in a molecular cloud and relating prot 
Vina, aoe and H II regions in à single 

Tie chain. 
been sr remarkable discovery in this field has recently 
that OB e by A. Blaaw (the Netherlands). He establishe 
each, mod pi RAE consist of subgroups of 5 to 20 stars 
of an ass these subgroups are arranged with 
the youn ociation according to their age: a subgroup ° 
end of nt members in the association is located at 0 
à subgro e association, while t bers comprise 
Eroups ie at the opposite end. 

brow; ‘iy implies that the process of ste 
bursts” ght forth the association occu 
adjacent and a burst in one area trigger? 
agated ee A wave of star formation, 4 it were, prOP 
t d pes the cloud and first pro uced stars a one 
he oth, hen gradually proceeded to produce $ 


is that most 


exes). Most 
plexes does 


xes a 
densations of gas 
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@lmegreen and C. Lada found a simple and COnMINGE 
Reprint mechanism of the phenomenon pe 
ked by A. Blaaw. As a starting point they assumed w 
the area of hot and ionized hydrogen, the H II oh B 
developing around a newly born star of class O 0 The 
expands and pushes out the surrounding cold gas. om 
velocities thus communicated to the cold gas ae 
to 5 or even 10 km/s, which is greater than the veloci y 
of sound in this gas (no more than 1 km/s). Therefor? 
a shock wave appears in the cold molecular gas, vne 
compresses and heats the gas beyond it. Gradual radiatio 
cooling of the gas causes its further compression, pi 
several million years later the temperature and presar 
are bound to fall (and the density is bound to Inorena 
so that the gravitational condensation of the layer wou 
become possible, 


As mentioned at the beginning of this chapter, conden- 


APE 5 5 t- 
sation is accompanied by a cascade fragmentation of ma 
ter. This does not occur in qui 


xy. For instance, the npa 
d at the level of ten thousa 


molecul 
to produce a new bu 


lion years. The pro: 
nen formation moves Tom one end of the cloud to the 
other. 


arrangement of 

Moreover, ational data have recently 
appeared conc of star formation propagating 
in large molecular clouds. For instance, a bright nebula 
in the Cassiopeia Constellation is a luminous cloud ° 
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ionize S 
d hydrogen with young stars submerged into it; 


as radi 
n ao ee showed, the nebula is a part of a 
ebula va senlar cloud 50 pe in size. The Cassiopeia 
extreme self (Fig. 37) includes two H H regions. The 
isa stp aae region (it is designated as IC 1805) 
ecomin r old diffuse H II region which is expanding and 
east 20 g diffuse, exposing within itself a subgroup of at 
stars of classes O and B; to the west of it there is 


Fig. 37 

A wave of star for- 
mation propagating 
from east to west 
in a molecular 
cloud. Z—an “old” 
H II region with an 
“old” subgroup of 
classes O and B 
stars; 2—a “young” 
H II region with a 
“young” subgroup 


stars; 


stars; 
wave front. Astro- 


nomical maps show 
the east to the left 
and the west to the 


right. 


à . 

Te et i it is designated 

à and | fed H II region (i 

co i 495) E NET, ing- No doubt, the latter 

RE “they are screened from us by 
of the young 


t ouds of ga tern boundary 
H s and dust. The wes" ular cloud. Near this 


poundary there are several very compact sources of radio 
Drone and infrared radiation: these are either massive 
wh. Ostars or newly formed massive stars- This is prenie y 
ook ie of star formation in & molecular clou should 

ike. 


the ut what produced the 


pright stars which began 
AN » No doubt, this is 


chain reaction” of star formation! 
epeciated oo ge bernie "fluence on the molecular 
poud. Possibly, it collided with another molecular cloud 
ome tuse the motion of clouds is chaotic in the disk o 
o Galaxy. The velocity of colliding clouds is common'ty 


« 
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. + . : there- 
n the velocity of sound in their matter; t 

aah tps collision could result in shock waves ee 
contacting sides of the clouds. More ACENTALIY © dic 
should be two shock waves propagating in oppos of the 
rections from the surface of contact; behind each aes 
shock wave fronts there appears a layer of compr an 
gas capable of further gravitational condensation a 
fragmentation. However, calculations show that the p 2 
ability of such a collision is rather small: the ra ee 
expected collisions in our Galaxy is hardly more same ko 
per ten million years. This appears to be insufficien e 
explain the observed rate of star formation in molecu 
clouds. 3 

Another possibility is related to star explosions during 
the later stages of their 


; er the actual conditions of the BA 
terstellar medium; at any rate, the available data do 2 
allow scientists to giv 
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e stars of classes O and B 


ficult 
- Why are not only massiv 
ars like our Sun 


but al 
ormed? These urn number of common st 
condensation : stars are also produced by the gravitational 
ably appear and fragmentation of matter, and they prob- 
lve rise to in the same “bursts” of star formation that 
Condensatio massive stars. The fragmentation of a major 
Without sm T into large fragments is hardly possible 
aller fragments, and there may be many more 


ol the 
m 
e Hes of massive fragments. 
number of pa of fragmentation producing @ large enough 
ragments should obey very general statistical 


aws ind 
e ; : 
and the pendent of both the nature of fragmenting bodies 
ncrete mechanisms of fragmentation. During 
tion to the fact 


the 194i 
0 
at, A iea N. Kolmogorov drew atten 
masses a to numerous empirical data, the sizes 
m gold q of gold particles found while washing sand 
(lognorm Na are always distributed according to a definite 
average al) law. The majority cles possess an 
Particles fee, The greater the he mass of 
oth 1 rom their average mass: the smaller the number 
ey cee and more massive pâ A. N. Kolmogo- 
and RT this distribution @PP ies to numerous 
st diverse processes of fragme jon, or cascade 
initial mass is 
Both 


ro 


ragm ; 
siccae as in our case, W 
e initial » fragmented into ever smaller parts. 
E al mass and any fragment may separate 1n any act 
f fragments 


ragm e 
gmentation into a random number 0 


trari 2 
fie, distributed by masses: It is only ny 
of fra a rather strict requirement that the probabil- 
e agmentation in each process 
TER | mass. 
kaan data on star mass 
ational data on the rate 


arbi 


a 


Ity 


es and 


Mass an Salpeter (USA) to suggest an piri 
given ribution law. According to this laws the greater 
trast to mass, the fewer stars wit in it (Fig: 3). In con- 
Average Kolmogorov’s distribution, here is n° typical, 
Stars of mass. [Towever, it proba es not apply to 
the smallest masses: thei umber appears to 
aia alpeter’s sie 


De l 
ess 
than that expected according 
“tend” towards sma er 


and th 
Ne a z 
asses, one distribution should wares, 
espite this tendency: he real distribution © 
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i eous 
masses is hardly thought to be strictly homogen! 
es respect to a typical mass. A 
facts and Kolmogorov’s the 
to be a definite de 


log (M/Mo) 


Fig, 38 
The ma 
Í is the f 

S per unit 
mic interval of star Masses 
(Measured in Sun Masses Mo). 


1—Salpeter’s law; 2—Kolmo- 
gorov’s law, 


occurs, in fact 
to the critical Jeans 
pected that the s 
not be homogeneo 


it should rather follow 


Instabilities and Clouds 


Thus, the stars of ne 
hydrogen clouds r 
dust. But what is 


W gene 
ich in 


» 80 that the si 


the origi 


$ Se 
comparison of the 


s 
ory suggests that there o 
pendence of the fragmentation p 


sizes of fragments in aagi 
process of reg eee 
slightly exceed the 

ngth. 

oe scheme of ease” 
fragmentation we ahaa 
cussed while gonsider 6 i 
the first stars in pia a 
axy is also applica a 
the new generation of s al 
although concrete piyan 
processes (heat transter me 
cooling and heating 0 can 
are different, in this a ep 
A consistent theory exp anes 
ing both typical ma ae 
of stars and their pine 
distribution should nae ag 
the ideas of cascade ce 
mentation with the E the 
Prehensive results 0 far 
olmogorov’s law. So tee 
elaborated. But it is oD 
entation in star forma 


] 
Mass distribution law shou 
us with 


A i we 
rations are formed in ne 6 
other molecules and cos 

n of these clouds? 


Tnstabiliti 
ilities and Clouds si 


llar medium is con- 
heating and cooling. 
(more definitely, to 


Th ; 
trolled physical state of the interste 
2 Ele by the processes of 
eir pas is due to cosmic rays 
aii of comparatively jow energy) and to the 
ion ap X-ray radiation of the universe. This radi- 
Clusters pears to be emitted by such sources of X-rays as 
of hot eg galaxies. The interstellar gaS in the vicinity 
instanc right stars may be heated by their radiation, for 
tance, as it happens in H II regions. The cooling is 


Main] 

ey y ane to collisions of atoms and molecules. When 

ide, they are excited by the energy of their 
initial nonexcited 


chaoti ; 
State, the otion; when they return to the i 
®ave th ey emit the acquired energy as photons whic 
Particles. medium. Consequently, the thermal energy of 
ost h is transformed into radiation and eventually 
The the medium. 
of the be received from the outside by each element 
edium per unit time while it is heated is propor- 
i iven element; 


tional 

but det the number of particles in a 8 

the number. of energy is proportional to the square of 
is related to the 


act E S of particles. The difference is rela 0 
‘8. cosmi e heating is carried out py “alien particles, 
requires C SAYS SOL X-ray photons, while the cooling 
Ore, ae aad collisions between the gas particles. There- 
of heatin, one gas particle participates in a single process 
i cooling. while two of them participate in a process 
to the a and hence the rate of heating is P r 
Tate of ¢ st power of the number of particles; while the 
ooling is proportional to the second power 0 


m 
T ‘eed of particles. 
Unstable: it oe of heating and cooling mak 
up into it cannot remain uniform put tends to break 
kina of one enone surrounded by rarefied gas- This 
like gra nstability in its final manifestation is ver] 
{2 Breat oo instability which we have sse( 
tation a etail, but its mechanism is not related to gravi- 
nd is entirely controlled by 


eref : 
ore this kind of instability is said to he th 


ou 

Ae hirer the nature of thermal inst 

ais density that the interstellar gas is in sucl ae 

each ae is uniform everywhere: Y ile the heating . 
ment of the medium is perfectly palance 


e the medium 


therma 


4. The Birth and Evolution of Stars 
136 


f the gas becomes 
A (aces Wan ie sae r number of 
SHER eee ewhat greater than in an equal volu 
particles a Telu. It is evident that the balance 
eee Beier cooling becomes immediately a 
pitts both processes occur faster than in the heat 
oh sn but cooling is more intense than Bes fo 
onmise cooling is more sensitive to the number coda 
ticles. Therefore the temperature of the gas in the e a. 8a 
drops, and this leads to a drop in the pressure in es 
the external (greater) Pressure of the medium comp: Now 
the element in order to restore the pressure in it. rye 
the density and hence the prevalence of cooling over ae 
ing increase, the temperature and pressure decrease, co 
the external pressure compresses the element still aa 
Thus the compression, once started, intensifies. ie 
characteristic feature of instability is evident in 


+ . . ar 
phenomenon: any slight condensation in the interstell 
medium spont 


i i hes 
aneously intensifies rather than smoot 
out. 


Thermal instabilit 
the compressed clement cool: 
thermal energy of its p 
for the excitation of 
ing of the eleme 


i h 

it is proportional to temperature times density) 
finally becomes equal to the pressure in the surrounding 
medium. The external pre: 


stimates made by G. Fielo, 
: À. Kaplan, the clouds shoul 1 
have the masses and sizes as calculated by observationa 
iat of the surrounding medium, 
and this makes these clouds stable. They can only be 


mation initiated by external 
effects, 


I tye 
Ustabilities and Clouds = 


oe es thermal instability, there are other processes 
ormite =. in the interstellar medium, also causing nonuni- 
associat and general patchiness in it. One of them 1s 
e tated with magnetic fields present everywhere in 
are ae of the disk of the Galaxy. Their lines of force 
field Nerally parallel to the plane of the Galaxy; magnetic 

Strengths amount here to several microoersteds. 


figs 80. on 
ne instability and 


Aj 

ayer f ’ 

addin, Of gas with horizontal lines O 

r ie elasticity: the magnetic field impedes the 

This Ke the gas at right angles to the | 
agnetic elasticity” is only effecti 


“recti 
lings 107 Of the field, while the gas moves freely along th 


the li 
t e li : 
jhe Ines of magnetic force are beui” edos down 
the the 5 

e ce 
The rig plane of the Galaxy (downw 
i Pibns becomes greater under the effec 
ae it Ae: gas, the trough deepens, aa 3 
vale Teases. C tly, a cloud, Le) ig pri 
has pop densation, is erento RA t 2 m. Thissprocess 


e 
gas Gee shown by E. Parker to be very 
vere 


Magnetig” Spiral arms of the Galaxy W 
Anq l force are mainly concentrated- lium. may 
devalo ast but not least, the interstellar ee 4 muds 
Stil] Sravitational instability making | yee eee 
Shou] nser. As alway. ze of the cloud in th Thi 
d s always, the size poe length- is 


e greater than the critical 
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isite does not seem to be satisfied in minor clouds 
een ae of nonionized atomic hydrogen revealing 
themselves in the 21-cm wavelength radiation. cap gies 
major clouds in the ring of molecular hydrogen in t 1 
disk of the Galaxy are comparable in size to the critica 
length corresponding to their density and temperature. 
This probably means that gravitational instability 1s 
either operating right now or operated earlier, shaping 
the clouds as they are currently observed. 


The Life of a Star 


The intensification of small deviations from uniformity 
in diffuse matter, the appearance of clouds, and their 
gravitational condensation and fragmentation are the 
aspects of the process eventually leading to the formation 
of stars and star complexes. Although the concrete phys- 
ical processes in the primordial hydrogen-helium matter 
ofa protogalaxy and in the present-day interstellar gas 
are different, the succession of events is identical both 
for the first stars of our Galaxy and for the stars of new 
generations. And stars themselves, both those formed 
thousands of millions of years ago and those appearing 
during the recent epoch, are very similar to each other in 
their principal features. , 
The stars of any generation, both in our Galaxy and in 
other galaxies i ; 


ome radically depend on the 
atures of the structure and 
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i 000- 
pai Sun can prolong this period for another 13, 


00 million ih one half of the Sun’s 
m 4 years. A star W1 OA 
lass remains in the initial state for about ee oe 


‘on years, Compa ith the age 0 y 
i re these data with the ag r 
ma 12,000-15,000 million years have passed since it 


a formed. It logically follows that only the ee tia 
the of the first generation, those with masses ; ae 


un’s, can be observed now in their In t 
a Stars compose the oldest population ofthe Galaxy, 
re its spherical subsystem. There were 
longer “ose stars there a long time ag° 

ó St. ss 
contra nae exhausted the resources of hydrogen in fro 
Star al region in several million years, nme a agi te 
eant eS a new phase of its evolution. DN aa 
Core ions occur in a narrow layer of hydrogen a Br 
enti of the star rather than in the core, \ ji ae 
in my of helium produced by hydrogen nuc ea sae St 
é star with this kind of a “layer” peices Py Pages 
m S its luminosity and “swells”. sincs, _ ae 

°S greater in size, the temperature © i 


Ci 

a þlue 
fo va declines, and therefore its colour turns frons es 
a Pd Consequently, a class O or B star translo 


of another type, a red giant. f 
ea Same time hee changes take place in 
Contras of the star. It becomes more heate 
Kelving When the temperature reaches 
Occup p Uelium starts burning an A 
The a fusing three nuclei of helium into a ca 
the “SSociated energy release raises 


The Or» and the increased pressure h 
now Kal luminosity of the star becomes o 
Ute + 0th the layer source and the helium suo A 
rise 2 Ìt. Calculations show that this '@ Lat this 
Stage | the surface temperature of a ie a stage, AN 
Ceaseg Short, shorter than the initial “sotare hot an 
densa When there is no more helium in 
Se Nucleus. its envelopes 
ie, GY What happens to the star? s a thus pro- 
ducing Outer layers leave the core 3 
have $ a planetary nebula. 
ong since been observe 


Nerease 


the helium 
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n find more detail on them in the book by 
ee ee (1982) listed in Recommended Lira 
ture.) As to the core, if its mass is no more than 1.2 ie 
masses, it is exposed and becomes a small-size star wi 
a rather high temperature. Such stars are said to be white 


ent completely. There are no other 
and this is actually their steady 
state, that of a white dwarf turned into a black dwarf; 
volution of most stars. 
expected to happen to our Sun. 
a red giant in 8000-9000 million 
years, then it will shed its envelope and become first 
er a black dwarf. i 
assive star is different. Having eX- 
e f nuclear fuel, it is also capable 0 
shedding its envelope, but this occurs as a powerful ex- 
a gradual process. Probably, these 
are the supernovae, the stars that suddenly burst into 
very great brilliance as a result of their blowing UP: 
ova increases by several hundred 
ter of a few days, and then the 
an a whole galaxy for a week 
pe of i star rapidly aod 
a i ave in the j mediu 
(which can “ignite” a wave of star e peng above): 
of the star, contracts quickly, an 
ed two Sun masses, it becomes 


The density of a neutron star is comparable to that of 
atomic nuclei, i.e. 1015 g/cm? This density is produced by 


A ain 
the star’s gravitation, because its mass does not allow 
it to remain in the state of 


jf a white dwarf, The radius 0 
a neutron star is about ten kilometres, which is approx! 
mately a hundred thousand times less than the radius 0 


P Š 
he Life of a Star wa 


e Bun, or at least six hundred times less than the radius 
Bur: Earth, i.e. the size of a small city. 
ey of supernovae have been known since ancient 
tensa colourful description of such a phenomenon that 
hine in our Galaxy in A. D. 1054 has been found in 
nee nicis: The “guest star”, as it 1s called in the 
Was me es, could be seen in the daytime, and its brilliance 
Ope of y surpassed by the Sun and the Moon. The envel- 
sky t ae supernova shed at the time 1s present in the 
E e ay: this is the famous Crab Nebula studied by as- 
ene o for over two centuries. A neutron star: the 
$ nt of the supernova’s burst, was discovered in 
eae of the Crab Nebula in 1967. 
TG of supernovae are rare phenomena in the pre- 
ay state of the Galaxy: they do not occur more fre- 


quently than once in a hundred years 0” the average- 
as observed by 


e latest supernova in our Galax 

: , xy W l 

ta epler in 1604. Bursts of supernovae in other galaxies 

Severs] ace about as often as in ours, 50 while observing 

regist hundred galaxies for a year, we can certainty 
sister such an event. 


he neutron star in the Crab Ne und to be 


pula was fo 


So 

ee of short radio-wave pulses with a regula wes 
ie aan unusually small period; varia” 
dee there are stars wit 


regular oe long since been known, 

in 1967 hanges of brightness, but only pulsar: 

the Crab Scie such small periods. The neu 

ered, T} Nebula is a pulsar, one of the first ever aga 
iscoy, he first one was the pulsar with a period 0 aa 

ish, ered by a group of astronomers headed by 4 

date ore than a hundred pulsars have been 

second a the periodicity of the pulse train is 
Thanet the overwhelming majority ° ae task 

Tatati ee of pulsar radiation 1S related to 

ike a be such a star emits a narrow b 

ling of sine does. The beam periodic 

of EE and thus an observer sees 
or the gadinti: However, none of the 

With a OE a much denser ee nee 

` characteristic for pulsars: 
st E ately be torn apart ie inertia. Only a 
n withstand and rotate as a top ™' 
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destroyed by inertia: such a star is very dense and com- 
pact enough for that. In fact, this kind of reasoning has 
been the primary and most convincing argument suggest- 
ing that pulsars are neutron stars. 


Pulsars that emit mainly X-rays rather than radio 
waves were discovered during the 1970’s. T 
be neutron stars included i 
shall treat some interestin: 
binary systems below, 
the fate of a massive 


star, the greater its'gravitation. 
© compress the star, and if the 
e in it are no longer maintained 
e, then nothing hinders the action 
er, while a star becomes denser 
ntraction, its matter develops 

y unassociated with the temper- 
ature and the usual kind of pressure due to the thermal 
motion of particles Even 


more detail 
matter in the boo 
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If th 
har limit (1.2 Sun 


e m 
ass ex 
exceeds the Chandrasek 


Mass, 
ficia > the 
cien ressur 
tion t to a O degenerate electrons is not suf- 
the gravitation and halt the contrac- 
the density 


coma’, COntracti > 
Star ee eee AA of a star continues 
into natter chan pond ai and the composition of the 
neutra uclei and oe electrons, as it were, are pushed 
panigt = The Seine with protons, turning them into 
they 1 by the asioi ol electrons with protons is accom- 
released “© the E TSE of a large number of neutrinos; 

during th r freely, withdrawing all the energy 
g the contraction owing to the P tential 


Srayj 
itati 

onal energy of the star 
and now neutrons þe- 


the 
contr i 

action continues, 
in the neutron 


Co 

Bag ;. “Sener H 

Bala, C@Pable of Tih adinira, pressure 

no aS its own halting the contraction of the star an 

Sta Pi. two gama if the mass of the star does 

r conse whiel masses. This is how a superdense 

© the eS mainl 1 is said to be a neutron star because 
y of neutrons and does not contract owing 


ne 
Rent ir qua 
T ntum- > 
L, aa m-mechanical pressure effect. A theory © 
the 1930's by 


stars 
s was dev 3 
ough Ddau eveloped during 

S a then ae before their discovery: T 

hysigg 2 eee hypothetical objects; put their 
ce ote that inevitably followed the laws of 
m at the 
fast rotation of neutron stars, making 
of their 


eni ul 
Or Sar þ 
Tota, OUS eacons, i F 
t contraction. E a direct consequence 
. Every star rotates, aD our Sun 
accurately» 


the 8 With 

When" me. of about a month (more 
tater: ady ee its equator is equal to 26 days). 
‘fe otati e or D its size decreases (recall a figure 
ion Oh becom moves the arms nearer to the body, 
declines į es noticeably faster). he period © 
in proportion to the square of the size- 
neutron star, 


un 
were 

contracted to the size of a 
F about one second, 


sq att not ¢ 
Mate: or -a feld increase: 
e of L ; etic field ine 
"Stan the peg: in inverse ProP 
Star are ius. When the densities typical for a 
reached, the magnetic fie 
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z : etj 

-100,000 million times stronger than in the initia 
KEE star. The average strength of the Sun’s magnat 
ic field is about 1 Oe; if it were contracted to have ie 
dius of a neutron star, the strength of the field wou oe 
equal to 10'° Oe. As far as can be deduced, the magne z 
fields of pulsars are even stronger, up to 310! Oe. Lt s 
precisely the magnetic fields which shape the beam 0 
the radio waves emitted by a pulsar, and this beam Ta 
tates, as does the beam of a beacon, with the frequency 0 
rotation of a neutron star. The joint action of rotation 
and the magnetic fields determines the exceptionally reg- 
ular timing of the pulses with a period equal to the du- 
ration of the star’s rotation cycle, and this period is 


maintained with an unbelievable accuracy: to the eighth 


decimal place. This refers to both radio and X-ray pul- 
sars. 


What is the future of a star whose mass exceeds tw0 
Sun masses? The gravitational forces in this case are T 
enormous that neither thermal nor quantum-mechanica 
elasticity of matter can withstand them. When the nu- 
clear energy sources are exhausted, the contraction 0? 
such a massive star occurs uncontrollably and irreversibly: 
it collapses and forms a black hole. 


Everybody has heard about black holes. Everything 
about th 


them strikes the imagination: the gravitation they 
create is so immense that light cannot escape them, an 

the rays of light passing in the vicinity of a black hole 
are curved and trapped by it. Even the geometrical prop- 
erties of space] and the course of time near black holes 
change in a most odd manner. Black holes produce bot- 
tomless funnels in space which “suck in” everything, 
from light to matter particles. The radius of such a funne 

is comparable to that of a neutron star, amounting tO 
several kilometres, : 

Much could be said about black holes. (The reader ca? 
find more detail about them in the books by I. D. Novi- 
kov (1976), S. A. Kaplan (1977), and I. S. Shklovsky 
(1977) listed in Recommended Literature.) But the mos 
essential problem is whether they exist in nature. Fro! 
the viewpoint of theory, black holes are just as unavole~ 
able an outcome of the evolution of stars as white 
dwarfs or neutron stars. But it is clear that observatio?’ 
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i i . It 
ee holes are hampered by their very nature I 


sky: e hopeless to look for them as black pie ia ien 
i their existence is rather to be deduced from 1 
p. enomena, . 
a his instance, if a black hole and a common star compose 
nary System, the peculiarities oj ibe metion 
A star can help establish that its invisible compa- 


nion is a black hole. Both stars in a binary system reve ve 
about their common centre of mass, and measuring mi 


„imate 
orbital parameters of the common star, one caq bapa à 
the mass of its invisible companion. Naturally, à compa: 
nion that is a weak but otherwise quite a suman nna 
Would not be seen either. However, if the ra SA; 
Companion star is estimated at over two Sun I hole 
this suggests that the invisible partner is a ban ton 
it were a common star of a large mass; ie aris and 
Would be registered. (Recall that both white i. E- 
neutron stars, which could be invisible in a a se 
m, possess smaller masses.) There are sever ith black 
m the sky suspected of being binary systems v oadiaiion 
Holes. For instance, such is a source of son is called 
m the Swan (Cygnus) constellation. The, A iad per cent 
Yg X-4 for short. However, this is not a ‘6 to strict and 
reliable, and new observations are sub]°e dly doubt the 
horough analysis. And still, one can naa a have any 
existence of black holes: massive stars formation into 
Other evolutionary path than the ae there are mil- 
a black hole at the final stage. Most Tl holes in our 
lons, if not hundreds of millions, oi w to find them. 
alaxy. And we must simply learn ked that there are 
a. B. Zeldovich once jokingly remat“ og that they 
black holes wherever it has not been P 
are notl 
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The evolution of stars is a vast ae 
astrophysics, and our concise nee Bele 
Comprehensive. There are many PoP ecome more closely 
the field, and an eager reader can : 
acquainted with it. Besides t od (1977), we 
Y S. A. Kaplan (1977) and I. S. 


10=0838 


field 0 
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d 
oks by R. J. Tayler (1970, 1972) an? 
Tu. morge ma wagon) listed in Recommended es 
bes In concluding this chapter on the origin and as ea 
pgr stars, we would like to say a few words abou it 
maaedeelt which has hardly even been discussed int j oe 
erature for nonprofessionals. We are going to res ad 
physical processes in close binary systems of sta 


Fig. 40 

Athenry system is 
stars. 1, 2—the Roc x 
‘lobes; 3—the inne 
Lagrangian point. 


discuss in more detai 
associated with 


attraction. 
Each star in a close bin 
uence” i gravitation, rather than 
the partner’s, Prevails. Such a 


zone is called the Roche 
French physicist and mathema 
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late 18 

are Feet X 9th century). If the masses of the stars 
Heats theme a ee Lagrangian point is equidistant 
Closer to th m a the masses are different, it is naturally 
more Stoei oes massive star because the Roche lobe is 
stance, the ive for the star of a greater mass. In this in- 
termined | position of the inner Lagrangian point is de- 
that this by both the gravitation of the stars and the fact 
mon aai revolves, as the stars do, about the com- 

The Bad be mass of the binary system. i 

Possible w er exchange between stars can occur in two 
Roche lob ays: either a “star wind” penetrates from the 
ion star e of one star into the Roche lobe of the compan- 
lob or one of the stars becomes greater than its Roche 


obe, 
St i 
. Star wind was first discovered for the Sun (solar wind); 
f plasma from the 


it is 
a F : 
solan cn Continuous supersonic flow 0. 1 
rona into interplanetary space. If a star is hotter 


and 5 4 
and more massive than the Sun, its flow of plasma is more 
ficient enough velocities 


kinetic energy resources to overcome the gravitation 
d. As to a binary system, 


an 
Seas leave the star for goo 
bavi leaving one star can be trapped by the 
ational field of the other star. 
to aon greater portions of matter can flow from one star 
is gre other in the second case, i.e- when one of the stars 
imit ae than its Roche lobe: the flow of matter is not 
consid by the plasma emission from the coronas. The 
othe: erable transport of matter from one star to the 
of E is capable of significantly influencing the nature 
e further evolution of both stars in a close pair. 
king - interesting things about the processes of this 
have been clarified fairly recently in the work 
i A. V. Tutukoy, and 
star of the pair en- 
its envelope. 
velope can be 
but since the 


< R. Yungel 
tér gelson. The more 
S the stage of evolution 


he rate 0: 


102 
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ich i a neutron star, moves within the en- 
E See ER star and its motion is impeded Ta 
bes ro artificial satellite slows down in the denser ay 
ot the Earth’s atmosphere, and thus it approaches ee 
core of the second star, and finally, they form aT De 
double core within a single big envelope. It is EAER 
that such objects, i.e. two compact stars in a co ae 
envelope, have recently been found by direct astronom 

bservations. 

z Interesting events in a close binary system can a 
develop when the flow of matter from one star to the o a 
is not too significant, but still one of the stars has turni 


into a neutron star. This is connected with the discovery 
and research on the burster sources of X-rays. 
The fact that star 


s can emit both visible light and ental 
ible electromagnetic waves of the X-ray range has beco Ti 
clear during the past quarter of a century when el 
X-ray telescopes appeared and were mounted on 


loons, missiles, and artificial satellites and thus were car- 
ried out beyond the Earth’s a 


the penetration of cosmic X 
such X. 


-rays are located. hë 
romagnetic waves belonging to t Í- 
gth range than both visible light and ae 
traviolet radiation, They correspond to wavelength 


from 100 to 0.3 A (1 À (angstrom)=10-1 m); hence 
X-ray photons have 


energies from 0.1 to 30 keV (kilo 
electron volts), or 10-2-3 x 10-18 J. Considering 
X-ray range, the brightest X-ray stars emit ten thousan 
times more ener: 


e Sun does to all wavelengths: 
Strong variability is a fi 


tions of a second. These are the X-ray pulsars which naw 
already been mentioned. Bursters are a special an 
of X-ray variable stars Producing short and very brig is 
bursts of X-rays with a duration from several secon 
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to seve : 
larly, a ee The bursts follow each other irregu- 
a tn se exact periodicity. The energy of the 
energy are, of such bursts is as much as the Sun’s 
The histo ed across the spectrum for weeks. 
Siet oven d Bt bursters began in 1975, when a group of 
-ray Asik ers reported short and intense bursts of 
on the ee Tepito by the apparatuses mounted 
omers dete s-428 satellite. Very soon, American astron- 
cted bursts of X-ray radiation from the centre 


~1s 


Brightness 


Fig. 44 

A typical time de- 
pendence of a bur- 
ster’s brightness. 


of 
ees eres star cluster NGC 6624, where an X-ray 
een nee of the brightest sources in our Galaxy, had 
own, te overed several years earlier. There are 32 bursters 
the gl i date, and eight of them apparently belong to 
ie obular clusters of our Galaxy- 
ally udden gain in the brightness ofa typical burster usu- 
y occurs during a period from à few fractions of a sec- 
htness declines 


or 
oe ten seconds (Fig. 41). Then the brig 
e initial level during a time fro ] seconds to 
purst can be expected a few 


d, and then 


ts of X-rays again. 
inst the background 


Ithough the time 


of i 
this luminosity varies * f being 
“ ar from being 


gè ; 

Bi location of bursters in the sky 

om or uniform (Fig. 42). Most of them are concentrat- 
axy, and this 


tre of our Ga 


ed i r 
in the direction to the cen 
e that they 


ec 7 $ 
ame observational evidenc 
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i istance 
Galaxy. Another deduction is ae me typica ee 
ursi is of an order of pe; this is ie 
ee to that between the Sun and the galac 
c 
: es 
e SengTAE the flow of X-rays caught by the telescopi 
and knowing the typical distance to the source, = satel 
And the proper luminosity of the source, i.e. the eo 
energy emitted by it per second. Such calculations p 


the Galaxy 


Fig. 42 , ' 
the : localizatiy 
of bursters in 
Galaxy. 


d 
that a burster emits from 3 x 103 to 3105 J per secon 
during a burst. (Recall tha 


t the total luminosity of ne 
Sun is 41026 W.) The total energy of the burst, i.e. ta 
luminosity times the duration of radiation, amounts 
3X 1031-3 X102 J. the 
`e Proportion between the burst luminosity and or 
steady backg; y of a burster is its DP 
- It was found that tens and hund 
e energy is emitted during the time betw a 
two typical bursts, i.e, uring the quiet period, than 5, 
each individual burst, however bright it might ae 
Another feature of bursters ig no less important = 
understanding their nature. It has been established, ae 
ceeding from th rn of the spectrum of their eed 
radiation, that during its a burster is as luminon 
0 a temperature of abots 
mperature, any body en tic 
X-ray range of clectromagne 


a body heated t 
30 million kelvin 


most of its energ 
Waves. Fi d 

Knowing the luminosity Patterns of heated bodies @ A 
the value of emitted energy per unit time, one can Her 
culate the surface mai ing a given luminosity at 
given temperature, 3 


ntaining its 
Pei 
It was estimated that during 
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fla 

enerry z mre emits approximately the same amount of 
would emit e surface of a sphere of radius of about 10 km 
is the si it when heated to 30 million kelvins. But this 
stars. ze of the most dense cosmic bodies, 1.¢- neutron 


oe conclusion that X-ray burst: 
items stars was not unexpected. Si Í 
that i were known at that time, and there is no doubt 
that ra are neutron stars. There is every reason to think 
Cess rg radiation of X-ray pulsars is related to the pro- 
© accretion, i.e. the capture of external matter by 
gi gee field of a neutron star. Ya. B. Zeldo- 
this ph. D. Novikov, and I. S. Shklovsky revealed that 
phenomenon is the source of energy in all X-ray 


Stars, 
oe captured matter is drawn oF flows from the surface 
it a companion star in a close binary system, and then 
a accelerated in its free fall in the gravitational field 
eee neutron star and acquires a considerable velocity and 
fa etic energy. The unavoi on with the sur- 
aie of the neutron star causes the conversion of the kinetic 
t ergy of the falling matter into heat. The result is that 
S surface of the neutron star, þe it the entire surface or 
me on it, is heated to temperatur 
Bt Bi Seong of Kn and begins impera 

ainly X-rays (in keeping WI!) hi 

The pone a in aed pulsars is controlled by the 
Magnetic field; the field prevents matter from moving 
across the lines of force, and therefore the matter falls 
on the surface of a neutron star only through magnetic 
field “funnels” around the magnetic poles rather than 


uniformly from all directions. (It is well known that there 
‘ rplanetary matter and cosmic 


are such funnels for the inte 
Trays i f the Earth: this is why 
near the magnetic aie aan) i can be eae 
that this kind of directed accretion results in hot spots 
of a neutron star (Fig. 43). 
he rotation of a neutr pout its axis is inclined 
(as is the Earth’s) with respect to the magnetic axis 
Passing through the magnetic poles, and, this creates the 
beacon effect: the bright spot is now visible and now 1m- 
visible. The period of observation of the spot 1s the 


s are associated with 
milar objects, X-ray 
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PN it is 80 
riod of rotation of a neutron star: this is why it i 
pe 1 
i ar. ie 
a metral to assume that bursters are also eon 
tars in close binary systems rather than single <= ihe 
eas and there is a flow of matter from one star tee 
prey to the other and therefore accretion. But how 


Fig. 43 $r 
A ae of an Bay 

` pulsar. The accre oe 
of matter by a Res 
netized star. on ye 
fi hot spots. 1- 
lines of magnetig 
force; 2—the rota a 
axis of a neutron $ on 
8—its magnetic ar a 
4—fall of | partic? 
into magnetic funne i 
5—hot spots Lies 
hoe ed Me ae 
netic poles; 6— 

i tion from the spots. 


in some case 


S a neutron s 
other cases it is an X 


in 
tar is an X-ray pulsar and i 
Tay burster? w 
the radiation pulses from bursters follo 


ts 
out any regular period evidently ae sar 
that the mechanism of bursters is related neither to 


Proper rotation of a neutron star about its axis nor H 
its periodic orbital revolution in the binary star syste 


Otherwise burste t as good timers as pulsars 


The fact that 
each other with, 


TS would be jus 
are. d- 

Continuing this discussion, we apparently have to s a 
mit that, in contrast to an X-ray pulsar, there should A 
no hot bright Spots on the neutron star of a burster. Mes 
implies that the magnetic field creating funnels and ho 
spots under them in pulsars is either absent or not tronk 
enough to control the flow of matter from the “norma 
star to the neutron star in bursters, T 

When the accretion is not controlled by the magneti 
field, the fall of matte: 


i ; he 
T 18 more or less uniform ae 
entire surface of a neutron star, Then the whole surfa 


Close Bin 
ii 453 


can b : 
uring Heaton to a high temperature, and can emit X-rays 

t seems r continuing process of accretion (Fig. 44). 

to the be sr ata to relate the radiation of this origin 
Mentioned y background X-ray flow which, as has been 
aire above, is registered from most bursters. 

for the i ions give an estimate of an order of 10% W 
evaluate ackground luminosity of bursters. It is easy to 
such | the rate of accretion capable of maintaining 
uminosity. While matter falls in the gravitational 


—- <—~ ae 
Pa ae 
on =~ Fig. 44 k 
4 f y M A diagram of a burster. 
4 The accretion, heating, 
d and radiation of the 
ff iN entire surface. 


field of a n ne i oo 
eutron star, it 1s accelerated to the veion ies 
close to the velocity ri light, ie. 3x10 cm/s. (More 
curately, these velocities are from a fifth toa third of 
in velocity of light.) The corresponding kinetic energy 
Surfa erts into heat when t e 
as a of a neutron star, and t i gy is 
S ow of X-rays. The exhibited luminosity 
raaro of the velocity of the fall ti 2 
reaching the sumfaoe of etna valee o 
SO servati 10 bi 
ground Sees e atol above can be maintained 
if 1017 grams of matter fall on the surface of a star each 
Second, f 
It is interesti he same value of the flow of ac- 
zo Bass aoe Bae vavdependently from the ep 
it pulsars. The coincidence is hardly aa ental: 
is rather an indication that the nature of the 


T] i rs 
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is in agree- 
a i d above is in ag 
inosity of bursters discusse 4 cesses 
Feit ae the general picture of the physical pro 
m 


r 
of hydrogen, about 2799 TS 
ne per cent of heavier elem 


er processes develop. 
According to calculati i 7 er- 
wide, its den, i a million g/cm?, and its am ion 
ature is about 500 million kelvins. The reaction o 
of three heli ii 


-œ proc 
herefore 


pidly in the heliu 
ture, for instance 


ths 

» can jump, doubling in a few hundrede 

of a second. Once started, helium burns at an ever inc 

ing rate until all of it p 

The Possibility of by 
in the outer Stellar layers Was proved theoretically 

L. E. Gurevich and A 
ago. Detailed calcul 
by V. Lewin, P, J 


c 
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to k 
now th 
oa fost nahas of the helium layer. 
on during a na Helinin completely transforms into 
gle explosion; it is accumulated during 


e tim 
takı e betwe 

e the i en the explosions. To make an estimate, 
ts of an order 


of e int 
Biers 5, aad cae eo two X-ray burs 
the Jea above (107 ; estimate of the rate of accretion 
(by are amounts g/s); the result is that the mass of 
of the pay, i ane hs 102 g. Now multiply this value 
release helium layer So be deduced from the parameters 
and the while a pone indicated above) by tho energy 
102 refore esti am of helium converts into carbon 
nal im is valus Ea the total energy of the ery 
Wo t® which h in close agreement with observatio- 
It is ae also Rg ny been mentioned. 
Dhysien Ý nocéssar ate the typical duration of a burst. 
c S on the at, make use of the data of nuclear 
U depends o energy release in the triple-æ pro- 
cated, sing the ch n the density and temperature 0 
am above, we aracteristics of the helium layer indi- 
ign, °! matter Ei about 101° J of energy released per 
his?’ the total second. If the mass of the layer is 
ming {antity is ei of energy release is about 1 : 
Sity of a buto close to the typically observed lu- 
and ek | alzo ARES during an X-ray flare. 
it p he backgro explains the ratio between the peak 
has ossible to re luminosity of a burster. This makes 
os revealed c that the nature of burster radiation 
ave me : 
ade use of bursters, a fairly recent and in- 


ter 
esti 
tha, 28 disc: 
s o 5 
thot in other eae in order to discuss, in more detail 
ases, the astronomical observations an 
on of some puzZ2- 


vile ph : 
Ysica 
oe Pro ae theory leading to the soluti 
MS in the san then to the creation of 
e li udy of the infinitely diverse S 


still other prob- 
tellar universe: 


h 
thats C 088 
inet Oedintion from their birth to the final stages © 
erstellar mas rom protostars revealing themselves aS 
asers to neutron stars, pulsars and bursters, 


Deco 

mes a 

S a clear-c : z i 
lear-cut chain of amazing transformations, 


a s 
Sequen 
© > 
e can EY explosions, flares, and bursts-.-- Today 
: simple E be closer “to understanding, at last, such 
emarkeq ing as a star”, as S. Eddington once 


Chapter 5 
The Evolution of Stellar Systems 


ntful 
i f each galaxy includes a short but eve oi 
Tie ops its Seite, i.e. a cloud of gas ong tg its 
a protocluster shortly before, was peng A stars 
own gravitation. This process produced the lo and the 
and shaped galactic subsystems such as the ha 2 od into 
disk of our Galaxy. The cloud of gas trantan ined its 
a stellar system, and the stellar system “os system 
steady, stationary state. Further changes in ey place 
were of quite a different nature, and they a curre 
much more slowly. Fast and active processes only o suelo 
in the central areas of galaxies, i.e. the galactic mtinue 
Furthermore, spiral galaxies continued and stil afe A 
to form young stars out of gas and dust from by these 
subsystems where the spiral pattern outlined by 
stars is observed, , llar sys- 
This chapter deals with the evolution of ste lusters 
tems. We shall discuss both galaxies and star © 
within galaxies, 


From a Protogalax 
to a Stellar System 
The separation of proto: 


x geous 
to hydrodynamic processes in gas 
protoclusters; the furthe 


contracted these thin 
of the observed si 

Gravitational contraction w 
of pressure because the a ne 
cool to a temperature of about ten thousand kelvins: 
pressure corresponding t i 


zies 
haping the galaxi® 


m 
a protogalaxy increased Tar 
10~*? g/cm?, which is characteristic for both protoclus i ż 
and present-day clusters of galaxies, to the typical ga 
tic density of 10-24 g/cm. This increase happens t0 
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rotogalaxy to a Stellar System 457 


Teached j 

fall Eoy i uch a way that all the particles of the cloud 

sandfold My their common gravitational field. A} thou- 
crease in the cloud’s density, corresponds to 

It turns out that 

s the period from 


the berinni 
ration of we of the cosmological expansion to the sepa- 
protoclusters, i.e. about 30 


them, 
Protog: oe ias well, the process 0 
only tee cloud, i.e. a portion of a protocluster, is 
onsequ rolled by the forces of its own gravitation. 
Tit as the dynamics of a gravitating medium 
when th a symmetry with respect to the “halt moment 
contracti expansion of given volume is replaced by its 
Same ti ion. For instance, 4 tenfold expansion takes the 
Directly as a tenfold contraction. sie il 
tates of y before and immediately after the halt, e 
this “gu expansion and then of contraction are small, an 
tion o spension” takes a lot of time, The f 
Woouaie ne with acceleration (as in ar free fall) and 
Precedin at a faster rate. metrically, 
hen he contraction takes place first at a Se 
of the ows down. Thus the increas? in size from à en 
than 95 ma volume to its maximum requires 10 ess 
er cent of ansion : 
t of the whole eE o from its maxina 


he time i 
3 ae it takes the galaxy t 
cent of to a tenth of this size must be wit 
to the fae period for the galaxy to begi 
me the expansion halts. ; 
tiie contraction of 5 protogalaxy lasts about 3000 mil- 
into pew es takes this time to transform 
ti ellar system, which no longer con 
Samet to exist in pone Te almost inva iable state- The 
is Bote from contraction to 
Pinions with the separation of t 
s, withi ; X 
, within which the process 1 Sloping TAA 


Sta = 
rts. The gravitational instability 
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47 
protogalactic cloud produces condensations of a os 
310° Sun masses. As we mentioned in Chapter OF aii 
masses of major fragments of a protogalaxy are aan 
mined under the conditions of gravitational selmi Ti 
by the Jeans criterion. Their size is estimated procee tic 
from the fact that the temperature of the protogalagr s 
gas is close to ten thousand kelvins, while its densi 


varies within 10-27 and 10-21 g/cm?. It is most probable 
that a few hundred 


contraction, 


> a n ive stat 
Appearing in the pro galaxy. The most massiv 


of a protostar to the 


-li avin 
exhausted their nuclea; in-like state and then, h 
explode as s 


ess than 


5 < enera 
protogalactic contraction, the time of the g 
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The ex r 
explosions of supernovae make protogalaxies rich 


In t 
T Procucia of thermonuclear synthesis within massive 
onseque: z7 elements heavier than hydrogen and helium. 
out of m a y, as a result, new groups of stars are created 
nitrogen. ter more and more abundant in carbon, oxygen, 
later, th and metals. If a given group of stars appears 
a undant hydrogen-helium interstellar medium 1S more 
of this in heavy elements, and the stars produced out 
this medium are richer in these elements. Since during 


i 

tract ct ee the gaseous protogalaxy continues to con- 
centre et oe formation occurs closer and closer to the 
Cause of eae given group of stars and gaseous clouds. Be- 

o tuna is process, it can be expected that the stars 
Position f r areas of galaxies should differ in their com- 
the centre, th the stars of the outer areas: the closer to 
i re, the greater the abundance of heavy elements 


a = Stars. 
ical a conclusion is in close agreement with the astronom- 
Stars 7 on the abundance of heavy elements in the 
Slax the halo, i.e. the spherical subsystem of our 
laxy, as well as in the elliptical galaxies similar in 


the 

de ee and star composition to the halo of our 

xy. This confirms the general concept of gaseous 
f stars during their 


pr i 
gray ilaries and the formation © 
itational contraction. 

Until now, we have not taken into account the foet 
bs a protogalaxy may possess considerable rotation. 
Sta act, rotation is not quite significant aa po 

ges of contraction, while inertia is weaker than gravi- 


t 
“tia But rotation should become faster owing to con- 
bier ion. This concerns both a protogalaxy and, in general, 
inoia body whose size decreases- At the same time inertia 
eases, Inertia doos not impede the contraction along 
= rotation axis, but it is capable of counteracting the 
the © of gravitation in the directions at right angles to 
at ue This is why a con ud, almost spherica 
aS ee beginning, becomes 0 more flattened and 
alo s to take the shape of a disk in which the contraction 
sl ng the directions transverse to the rotation axis first 
ows down and then halts completely when inertia 


ee gravitation in these directions. 
is general tendency can be revealed 


tracting clo 
re and 


ina contracting 
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protogalaxy. But it has to be borne in mind that part of 
its matter turns into stars at the initial stage when rota- 
tion does not yet influence the general shape of the proto- 


Fig. 45, 


A spiral galaxy with a layer of dark gas-dust clouds in its disk- 


Fig. 46 
A small elliptical 
galaxy. 


galaxy, 


a satellite galaxy of the Andromeda 


The i 
Motion of Stars in Galaxies “= 


tinues 
isk, ie pi long last results in thesformation of arotating 
galaxies y he flat subsystem of the Galaxy. Other spiral 
cen for with fast rotation of their flat subsystems have 
_ TE the med in much the same manner (Fig 49h 
'S either y ation of a protogalaxy from the very beginning 
nee weak or absent completely, there appears 
mechanism leading to the formation 0 a dis 


u it. This ; 
Protogalay. is the case when the general contraction of a 
i y and the formation of stars in it result in the 
em. This is in 


snapin 
fact a a a more or less spherical system. : 
ast Mimi he ae galaxies devoid of any 


The M 
i oti 
m Galaxies of Stars 


n ellipti 
Ptical galaxy is a composite system of stars related 
oves in the 


eir | con 
common gravitation. Each star ™ 
is not affect- 


Comm, 
ed by a field offgravitation of the system and 


that ea 


Systi L 
A Falling from a height to the centre D 
Teaches th radius, the star is accel and when it 
o withd e central area, it overshoots it and then begins 
System Now from it towards the oppo i t of fhe 
erated | ee the motion is decelerated rather than acce- 
upwards ike the motion of a stone throw: 
of gra s), since this motion is oriented against th 
Vitation, which is directed, as always, to the centre. 
d fr star moves from the centre, its velocity decreases, 
as t nally the star becomes “S spended” for an. Totea? 
ishe, e stone at the highest point), and its mele y yan 
T it begins another fall to the centre, 
reaches and overshoots the ce ' a 
esain to the paahon. from which it began its fall. This 


c 
Yele repeats itself over and; ovo 


ere are no other forces besides gravitati 
System, em does not ¢ 
emt ont i ajo Pa a un 
i of the stars in the galaxy MOVE periodica yy tors y 
whet that is confined to @ volume a f = 
Syston the velocity of the star’s movemen 

m’s centre vanishes. 


1141—0838 
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It is not at all necessary that the orbit of each ae 
exactly through the centre of the system. guarentee 
are different, and besides purely radial orbits, el 3y ane 
orbits are also possible, similar to the orbits of the p a a 
in the solar system. However, stellar orbits are less cir iy 
lar, i.e. much more elongated. All these orbits iton Y 
fill the volume of a stellar system, producing its regu. : 
spherical or more or less ellipsoidal, elongated a 
This is how elliptical galaxies and the spherical subsy: 
tems of spiral galaxies are arranged. the 

The disks of spiral galaxies and, in particular, na 
disk of our Galaxy have a lot in common with the sola 


system in terms of their dynamics. Like planets, every 
star of the disk moy 


es around an almost circular orhit 
where inertia is balanced by gravitation. But rae 
the solar system, the force of gravitation is created in 
galaxies primarily by the stars of the disk and the spher 
ical component of the galaxies rather than by a centra 
body (galactic nuclei are not very massive). 


Average velocities of stellar motions in our Galaxy, 
both around elongated and circular orbits, amount, a 
100-300 km/s. The velocities are small in less massl¥ 
galaxies and greater in More massive galaxies, but they 
are always b 


; T 
etween tens and a thousand kilometres Pe 
second. 


Violent Relaxation 


The shape and internal structure of elliptical galaxies o% 
spherical subsystems of spiral galaxies are too regu’? 
and harmonious to be enti 


r 
systems their regul 1 poundaries. So what gave stella 
regular shape a 
Naturally, this is also Pe and structure? 


Jat 
cy to such a regu 
e one exhibited duriné 


Vi 
iolent Relaxation 
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the 
© proce: 
instance, ae relaxation in other physical systems fi 
a elaxation ee a gas of atoms or molecules. ar 
aPProaches z oe process in which a physical system 
in a gas results i y, equilibrium state. The relaxation 
the distributi in a steady state of general uniformity 
stoy fill; it RHP of atoms or molecules in the volume 
random fice eads to the equilibrium distribution of 
aa the icy omc of particles. In thermodynam- 
: ed the Meee velocity distribution of particles is 
Carried out Ae distribution. The relaxation in a gas 
He er; random rough collisions of particles with each 
ies, and ag lisions of particles change their veloc- 
g tellar system the Maxwell distribution is reached. 
ate. Besides rd reveal certain signs of an equilibrium 
© velocity di eir regular shape, this is indicated by 
axwell cI a ad of stars, which resembles the 
: e stars in th ution; it can be confirmed by the data on 
aisions of on vicinity of the Sun in our Galaxy. But 
males, ais coe in galaxies, similar to collisions of gas 
, in fact lange Stars do not collide head-on 
Pi their vel not approach each other close enough to 
avitational i ocities even in the least because of pair 
Pected time of interaction, Estimates show that the ex- 
greater than ii close approach between two stars is mut 
aid that gal e age of galaxies. This is why it can be 
And a a ‘are collisionless systems. 
Possible, In cee the relaxation in stellar systems is 
at relaxatio 67, D. Lynden-Bell put forward the idea 
i e gravitatior is due to the interaction of each star with 
o pair “colli nal feld of the whole system rather than 
took place Fa fae of stars. This collisionless relaxation 
E- Doria uring the epoch when galaxies were just form- 
of a prot g the general contraction and fragmentation 
ogalaxy, the gravitational fie 
to site. Therefore 


greatl > 
y varied with time and from site 
derwent rap 


eir velociti 

cities and orbits. The ensuing changes in stellar 
it can be said that an indi- 
t least wit 


This 
Process was random in the same way in which col- 
dom. The results of each 


die 
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individual change in the motion of a given star were 
unpredictable, but there were many such changes and 
they occurred continuously, and therefore their total ac- 
tion made possible the tendency to reach an equilibrium 
(this tendency was common for all physical systems). 

All this gives grounds to see the features of relaxation 


in such a process. D. Lynden-Bell called it “violent relax- 
ation”. The relaxation was 


in an unsteady, strong] 
when there were both 


> Which can serve as the beginning 
of any computer simulation, 


The Evolution of Star Clusters 


In contrast to galaxies, lobul i tar 
clusters are not collision ae ne ee) $ 
treated in the book by 


The Ey i 
volution of Star Clusters 198 


So tha 2 
ity ra ae one revolution there is only a low probabil- 
that the ri to encounter any other star. It can be said 
two oaas free path of a star, i.e. the path between 
than the Ta with other stars, is considerably greater 
etermine ie of the whole system. These circumstances 

he a iene nature of evolution of star clusters. 

encounters b ion in star clusters is possible owing to pair 
of equilibri etween stars. These systems tend to the state 
as close to thie and gravitating systems in general are 
distributio his state as is possible. The resulting velocity 
n of stars is close to the Maxwell distribution 


pre above. 
a star ia encounters sometimes lead to the following: 
it rile ghd acquire such a great velocity that 
System. The, the attraction of other stars and leaves the 
Contrast Corea ea the velocity distribution of stars, in 
speed “tail” hat of gas particles, has no stars 1n the high- 
Count for ab of the velocity n. Fast stars ac- 
he syste about a hundredth of the total number of stars In 
the state es This inevitable and steady deviation from 
ration” ae equilibrium associated witha constant “evapo- 
System, stars is a characteristic feature of a gravitating 
Duri 
Sanne 2 their “evaporation 
each of a and more nonun 
Us, surr em develops a compact central area, i.e. a 
Losin ounded by a comparatively rarefied halo (Fig. 47). 
comple the fastest stars, a cluster can finally disintegrate 
arts etely and diffuse, as Was first shown by V. A. 
oe ae 
syst e general theory of dynamic evolution of stellar 
ines including the phenomena of relaxation and 
the poration of the fastest stars, was developed during 
koy m s-1950’s by S. Chandrasekhar, K. F. Ogorodni- 
ai Sead E. Gurevich, B. Yu- Levin, and T. A. Agekyan. 
Dripin eee result is that many star clusters or groups 
com caly produced in a galaxy might become almost 
and een destroyed by the role 
vol heir stars could diffuse and scatter | the whole 
ume of the system, whic z< observed in real galaxies. 


the. appears that the se clusters 
central areas of galaxi different. Because the 


distributio 


star clusters 


iform in their density, and 
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f t stars “evaporate” from these star clusters, they 
a ontract. Pair encounters of stars happ! i 
a he and more often, and stars in such cases oe 
ou eo other more and more closely. Finally, a oe 
REE of the evolution of ne system, direct collisi 
ome possible. 

es hi eae a deers contact between two oa 
and it is clear that their internal structure can be strong 


Fig. 47 
A globul 


ar cluster in the Toucan (Tucana) constellation. 


altered: the stars 
or, on the contra 
able that the st 
released g 


can under 
ry, stick 

ars’ outer 
as first Scatters oy 
itates to its centre, unde: 


go deformation, split into pars 
to each other. It is most Prig 
layers are “stripped off”; t ‘i 
er the system and then eset 

Tgoing gravitational con ie 
sation and fragmentation there. This makes possible t A 
formation of young stars associated into a dense, brigh i 
and condensed sub ere are certain condition 
(for instance gas temperature is very high). 
at which a single Supermassive siar rather than a stelle 
subsystem is formed. 


Was massive enough a 
Stars, then the SnD 
Mass of 108109 Sun ma 
main feature of such a star. 


The E : 
he Evolution of Star Clusters i 


For i ne 
of r if its mass is 108 Sun masses, the luminosity 
star, which mounts to 10% W, so that the supermassive 
central ar comes into being, if possible, in the dense 
tical gala ea of such a stellar system as aà major ellip- 
a whole rab can increase the luminosity of the system as 
(Recall ae a factor of ten to several hundred times. 
1037 W.) at the luminosity of our Galaxy is about 3x 
aap tne ite star emits light 
A colla gravitational energy and g 
Vee the final stage O 
Not be ntrollable fall of matter to the ce 
aie umteratted by any pressure, and a black hole 
emit enc However, the central area of the system can 
by the ergy long after that, bu on is produced 
and c TF and stars accelerating to immense velocities 
Suffern iding with each other while falling into such a 
Wheasie: black hole. 
iin es of stellar sys 
hus iP includes a number 0 
May ae the collisions between st h 
ofm bring about a coalescence o _ The evolution 
pains massive stars thus produced is faster, and S. Col- 
fuse that there can be numerous outbursts of 
Pernovae in such systems during â eriod of about 
the econ This also results in ê co able ern 
eco uminosity of the system. After the burst, suc ha star 
massive a neutron star (e.g. a ulsar), an 
e lür star, it may collapse: , 
e ea of the system 1S TA 
accreti iation of pulsars and the flow of energy due ot 
trp of matter by black holes. i 
stell e outward features of th f condense 
nn systems at the stage 0 
Keilor’: quasars or the active nue hia 
(1977) can find more detail in the pooks by ; ee 
at and F. Hoyle (1965) listed in Recommended Wr 
oe) However, we cannot tre t this problem thoroughly 
A once it is currently ae o 
gations. i <tremely © 
bery far from nee i so important that a separate 
ook should be written 0? it alone- 


at the expense of its 
radually contracts. 
f contraction, i.e 
ntre, which can- 


tems at the 


f other impo i 
ars are nonelastic, 


Chapter 6 


“Hidden Masses”, Neutrinos, 
and Einstein’s Vacuum 


; matter 
The existence of unseen but essential masses of 
in the universe was fi 


when astronomers st, 


o 
lieved to exceed the total ier 
The nature of this “hidden 


fr 
S, tiny particles of mA en 
physics of elementary PORE 
ce which study natural phe a 
the least characteristic leng 


ro- 
er growing tendency to reveal a P 
nal relationship 


ecomes incre 


e greatest and 
They exhibit an ev 
found inter 


iverse 
ars, galaxies, and the ee at 
as a whole, whi istribution of eleme 
» Probably, th 


ent processes 


ics 
Cosmology and the eee 
of elementary particles in connection with the pic ae 
of the early sta erse are covered in the r 
pore Dy Ye BeZ 77,1981), A. D. Dolgov and 
Ya. B. Zeldovich > and the book by S. Weinbe 
(1977) listed in R 


i ing 
®commended Literature, We are golte 
to treat this complex of 


sider 
Problems in order to con the 
large-scale "astronomical Phenomena occurring in 


present-day universe th 
processes at the ley 


ica 
at were caused by the physic 
first instants of the 


. 1e 
el of elementary particles during # 
cosmological expansion. 
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Tt turn 

astrophysies an that many fundamental deductions in 
neutrinos in ag cosmology depend on the number of 
Particles Pie he universe and whether these elementary 
trinos are epee any rest mass. It is probable that neu- 
in the present major contributors to the density of matter 
namics of Suey universe and therefore define the dy- 
a universe cosmological expansion, the geometry of 
The role of 1 and the further fate of the entire universe. 
is essential neutrinos in both cosmology and cosmogony 

al even if the neutrino rest mass is a very small 


fracti 
ction 
of the electron rest mass. 


Hidden Masses” 


ne of th 
cluster Pedy studied clusters of galaxies is the Coma 
56) in the Berenice’s Hair (Coma) constella- 
f some nearby 


lon, : 
Stars eae constellation consists O 
arther, far alaxy, the Coma cluster of galaxies is much 
40 Mpc, dete sorb 9 Galaxy. The distance to it is about 
A fois 20 om. 

dustag ne to the Coma cluster of g 
Ted shift ry superclusters of galaxies is 
n the spectra of the constituent galaxies. The 


red shi 

ift i i 
general ra A ren of the cosmological expansion, the 
ssion of these systems. The velocity of the 
us, deduced from the 


Tecessj 

9 served S he Coma cluster from 

at 6850 ear shift, can be estimated accurately enoug! 
s. The Hubble law, which associates the veloc- 


ity 
v 

of the mutual recession of systems with the dis- 
makes it possible to 


ance 

tind p Deiween them, v= yon 

indicated distance. The distance to the Coma cluster 
Tubble above was calculated assuming that the 

If the Pak wei H=50 Jan/(s-Mpe)- 

its size istance to a cluster is know? we ca 
Which tl It is only necessary tO measure th ; 
trigono he cluster is observe and then use the simple 
angles metrical relationships between the sides and 
tiphe in the triangle whose t i are at the pe- 
ry of the cluster and the thir the Earth 


alaxies and other 
inferred from the 


n determine 
e angle at 


Pig. 2 
angle ole The Coma cluster of galaxies 1 at an 
of about 100 minutes, 0.06 radian. 


ow i $ 
èr he i distance is 140 Mpc. 
about 8 Mpc, so the radiu: 


i instel um 
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vay from 
The velocity of recession of the Coma cluster a gen 
corresponds to the velocity of its motion as a ae 
o in other words, to the motion of the centre a 
of the cluster. But each galaxy within oe sae 
about the centre, and these Proper motions o ey 
can also be found from the red shifts in their aed 
Most accurately, this is how radial velocities are d 


x eo ine of 
i.e. the projections of galactic velocities on the li 
vision. These velocities are 


usually about the 


same À 
within a cluster of galaxies, 
as it is observed in the Coma i> © 
cluster. For each galaxy, N 
the red shift differs slight- 
ly from the average value 
(the latter is 


naturally as- 
cribed to the cluster aS à Fig, 48 
a Fig. 2 ster 
whole). The typical veloc- Mereurtng the size of a cluste 
ities of the Proper motions of galaxies. 
of galaxies in the Coma 


cluster are estimated to be 
metres per second, i.e. 

here is.a u 
State gravitat 
its size R wit 


about two thousand kilo 
2x 108 cm/s. dy- 
niversal relationship pertaining to a stea ad 
ing system: it associates its mass a 
h the velocities v of the constituent bodi ‘ie 
is the gravitational constant). This THa 
ship is called the viri orem. It permits us to ca sal 
late the mass of a cluster by the known values of the prok is 
velocities of galaxies and the radius of the cluster. Th 
yields about 3 x1015 un masses for the Coma enan 
which is approximately 10,000 times the mass of ov 
Galaxy. f 

Such dynamic estimates of the masses of clusters iG 
galaxies were made by F. Zwicky during the 1930'S: 
and later by other astronomers, t 

Making such estimates, one has to be confident tha 
the galaxies in a 


p on 
; cluster are related by their comm 
gravitation and move ina 


mpletely and unanimous 

d of this when the study of clusters of g@ 
axies was just started, Doubts were cast by the fact that 
i Masses contradicts a? 
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other esti 
. ma 
eta Nihon pris on measuring the brightness of gal- 
i the fact that clusters This latter method proceeds 
ide Mosity, i.e a e ratio of the mass of a galaxy to its 
ntical for the e energy emitted per unit time, is 
tyy en knowin galaxies of each given type- If this is 
ot i.e. whether = distance to the galaxies and their 
aud can measure i ey are spiral, elliptical, or irregular; 
the then calculat he flow of radiation from each galaxy 
thi Mass of the fod both the mass of each galaxy and 
Sea: method ion uster as a whole. (In the final analysis, 
m ndard ratio urally proceeds from dynamics: 
ass of a tees the mass to the luminosity i 
ar Motions ael galaxy is used, which is cal 
the isin _its stars.) The masses esti 
YNamic PE i i prove to be less than those 
palace by esl ein by an order of magnitud 
Balaxies oe ae is either that clusters ar 
al Simply ie the dynamic estimate © 
ble masses apes or that the clusters co! 
adiation, | of matter which do not reveal 
Heres 
re the first case. 
the mass uster is not steady, a 
of the | of galaxies is present 
instabilit axies in the cluster ¢ 
his „ay of the system rather than its 
during th _.? ‘Ambartsumy2n 
Cosm e 1950’°s; it served as the central poi 
astroph, the Byurakan 


nd no other mass c 
within it, t he motion 


- A. Ambartsumyan suggested tha 
“ons” of solid bod 
ding frag- 


Axies 

Such hore following “explosions 

Ments Si is capable of splitting into fast rece 

an “expl ich later become galaxies. The energ 

The Po naa imparts great velocities tO the g 

ragmer eon of stars is due to further separation. 0 vere 

May c nts; some of the matter jn its Pr mordial ‘Sta 

body ontinue to exist in the centre of galaxy. The pren 

series a the nucleos of ê galaxy can Pr ceed throug o 
cons} immense explosions accompanied i eP tense 
‘Onsiderable masses of matter, the emission a 


adi ‘ 
© radiation, etc. 


‘nstein’ um 
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i ete 
is cosmogonical concept does not give any concre p 
TRE on See of the prestar body. It simply mae 
an assumption that these bodies do not necessarily neve 
the known laws of physics; for instance, the conserv oe 
of energy can be violated during the explosions, 


° as 
the conservation of momentum can he violated 
well. 


It is difficult to devi 
based on such radi 


ie mh l, 
the 1920's, J. Jeans remarked, without going into detai 
that the problems 


of explaining the origin of the spira 
arms of galaxies ¢ tter 
the galaxies are special points through which ma 
may penetrate i 
Indeed, this is al 
from the viewpo 
cept of active gal 


A ae 
fruitful; Byurakan astronomers have made a great CO 
tribution to the i 


lion years, naturally impossible if the galaxies 
receded within the cl teed he 
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such a tem 
consists of krdi ture (the gas in the clusters is ionized, and 
Y velocities ren nuclei, i.e. protons) are characterized 
which is clo close to a thousand kilometres per second 
cluster, This « to the velocities of the galaxies in this 
ae cluster cpap has been observed in both the 
bre it is hardl a number of other clusters of galaxies, 
that both gal ly accidental; most probably it implies 
in a common axies and gas particles are actually “falling” 
and this is gravitational field with identical velocities, 
included i as it should be if both the gas an! 
system, in a single gravitationally re 
ow 
confident thar astronomers feel that 
It follows Soe before in the dynamic 
we have to at the second alternative S$ 
he stars of ae can that besides lumino 
Possess an A: e visible galaxies, the cluste: 
o Thess sion mass which controls 
cen re 
Mass, if maata give grounds to surmise that this invisible 
axies and y, is primarily to be found around major gat- 
composes their massive and extended coronas. 


is was 
of the sa gs by J. E. Einasto and his colleagues 
observatory on the basis of the study of mo- 
d with massive 


lons o 

ga aia eni satellite galaxies associate 

and the A a are several such satellites in our Galaxy; 

Possess then romeda Nebula and a dozen other galaxies 

of such a oom as well. Measuring the velocity of revolution 
b its orbi ellite about the central galaxy and the radius 
etween fo we can estimate the force of gravitation 
the he satellite galaxy and the central mass ° 


they can be more 
estimate of masses. 
hould be accepted: 
us matter, i.e. 
rs of galaxies 
the dynamics 


J. 


feature 
ve olies the dynamics of satellite galaxies: 
istances z their revolution are the same at 
Howeve rom the central galaxy (Fig. 
ities sho 13 it was always self-evident that 
uld decline with the distance from 


invers 
A a l ' 
Proportion to the square root of the orbit 
law (which the solar 


TOE 

.i 

Sytem eo with Kepler's : 
planets obey). This would pe exactly so 4 
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sois N isible 

entire mass of the sated ualusy Ue within its visibl 
as commonly unders $ . 

kan Thak the velocities of satellite ea E 

independent of the radii of their orbits makes wea net 

that the mass of the central galaxy is not ar tua Y no, 

by the stars within the bounds of its visible PE 

Besides the visible stars, there should be some other e 
tating masses distributed over a far greater v 


Fig. 49 l 
- A Sotation curve: Ihs 
+ ve a a velocity of the di 


id _ line) 
tation (solid 7 
and satellite galaxies 
dotted line) vs. 6 
istance from the PA 
tral gigantic SP 
galaxy. 


Velocity 


ne 
1 


Distance from the centre of the Galaxy 


i t 
throughout the gigantic galaxy. A natural guess 1S t 
these are the masses Which were earlier suggested by 
dynamics of clusters of galaxies. 
his is how the conce 


n 
through the invisible masses rather tpa 
through a void. he gravitating mass attracting € 
satellite is 


er- 
was called a h ergalaxy. A hype” 
galaxy obeys the general relationship between the pê 


al 
nally related systems, i.e. the viri 


pe 
» and M, respectively, should s 
understood as the velocity of a satellite galaxy, the ra 
of its orbit, and the mass 
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s” 


e from the centre, 
the distance an 


satellite galaxies 


motion of clouds 
their veloc- 


Were 

inoue h 
S do 

Object not depend on the radius 


few dozen times. 


medi 
iately follows that the total mass of such a galaxy 
imes or even a few 


ozen ti 
Stars, oa greater than the total mass of the visible 
typical hypergalaxy ely three 


to fiy 
e ti y 
times more massive than its central galaxy- 
podies 


ès 
Axigg p om 
d the 
eter: 
the sped b 

eae the general makeup of the system and 

stuaeset ational hee ee — 

al data ‘ 
y V. ata on dwarf galaxies ¢ 

oraaa e tachentseva oad Eg ne 
UA AA es carried out at the Tart 1 rAlery 
may g E R property of these tea, Sater 
ae elliptical, s ng about the centre of the system 

ote ites oceur Be Piral, or irregular; however, ellipti 
Rade thon ar dee Rm ee! in the inner areas es 
llites oundaries, whi i ad. i = 
A tintes populate riani the A, oar and irregular 
oun aime ic representation a ig a tiie obm 
P Sem atheriatint e satellites 

t and nonellipti i similar galaxi i 
hat the aie (i.e. spiral ao ae oe 
tical vite eat s are rather clearly sepa regular), shows 
dividing oe primarily the Fei todo. ete 
ig. 50) » and the nonelliptical ar te = i pe 
o the right 


his fact indi 
organiz ct indicates a high 
ation i igher degr 
čalaxies. The = hypergalaxies thon ia bas regularity and 
patial separation of elliptical and enn of 
nd nonellip- 


te gala 
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tical galaxies appears to have occurred at the formative 
stage of these systems when they possessed large masses 
of gas distributed within them. Finally, this gas settled 
within the central galaxy, but before this happened, it 
had already influenced the dwarf galaxies moving through 
it. If a dwarf galaxy possesses its own interstellar 


10° 


Fig. 50 ; 
Satellite galaxies om 
the diagram of lumi 
nosity vs. distance 
(according to J. B-Bir 
nasto, A. A. Kaa 
sik, E. M. Saar, an? 
A. D. Chernin). Loga 
10 rithmic scales aloni 


Luminosity of satellite galaxies 


10? 
Distance from the centre, kpc both axes. 


gas, it can retain it whi i i 
attraction exerted op nile moving only if the gravitational 
ary 1s stronger than th 
actin AEA 
sac ee gas. The “wind” on 
ction in the in a fete den- 
y em, where th 
and therefore dwat 
stellar gas, and a area are unable to retain the inter 
mpletely while making 
orbits. But a galaxy 
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tense į 
x in th 
e outer parts of hypergalaxies, where the den- 
there can exist 


ty of 
t . . 
he distributed gas is lower, and so 


f thi 
theca te hydrodynamic process 
Satel] 
\ntersț, 
e 
llar gas at shorter distances 


ess 

shi ree 3 

1p he gravitational relation- 
in the former 


than 
in the onger i 
latter. And this is precisely what can be de- 


nositi f 
f sities of galaxi dicates lumi- 
xies, and it is evident th are greater 

ive galaxies 


FEB 
alaxi 
of xies 
of greater masses, SO M 
alaxies in the 


iagr 

am È 

clog - Spire 3 

lose piral and irregular gal 


tha 


H 

n 4y per; 3 

al galax 

axies and clusters of galaxies ar 8 

of the presence o 


Tr 
t elatı 
the, “hi a aod steady-state because 
Starg ass: een in them. But what is the nature ° 
bie: planets or dust, cool gas condensations: extinct 
with suspe qo perhaps black holes (the latter are 
in 3 Se aR whenever astronomers are challenged 
call €, but “ie problem)...? Quite a few suggestions were 
alt Y reduc arenes analysis of observational 6a \ 
Ops, natives. the number 0 theoretically dmissible 
me and he and the following ° gradually devel- 
h bably Precinct widespread: the hidden mass } 
ee are j mposed of very sma and least brig 
dann’ ensia too faint to the 
ay Zis nvolving these hypot i 
the clear, P. they are called in the li 
cot Such a instance, the theory © 
of plexes ars could not have bee 
id only o oae geno usual stars, whil 
Sa of ae stars grossly disagrees WI"). 
“nce he cosmogonical process within 82 s. 
Tuit 1980 4 beon drawn to 
ea , everybody's attention has ee 
Yea nothe . : ose several 
By tS bef alternative which as proposet ots 0 
udapest U, by D. Marx an g. Salai, astrophysiCi itri 
12 St University. They offered a hypothesis 


~0838 


‘ . sa m 
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nos as the carriers of the hidden mass. For this, BONETT 
neutrinos should be particles possessing a rest S 
the spring of 1980, a group of Moscow experimenta ey 
icists headed by V. A. Lyubimoy reported the nee ae 
of the neutrino rest mass, and the Marx-Salai hypoth! 
found a physical substantiation. 


The Neutrino Rest Mass 

3 , ith 
Physical experiments carried out during the 1930’s yii 
radioactive nuclei established that a nucleus of mio 
a heavy hydrogen isotope, can decay and transform ol 
a helium nucleus. While decaying, it ejects an elec 


Electron 


(0) 


aS, 


Tho radioactive de- 
° cay of tritium. 

Antineutrino 

and, furthermore, loses a 

suggested 


0 
e . E. Fermi proposed a 
: trinos, meaning small neutro 
in Italian. 


Neutri 
rino Coronas ia 


'g, physicists suc- 
direct experiments 
ring the 4970's, 


tional ; i 
ceeded Fijonewe In the early 1950 
at So E neutrinos during 
neutrinos ul nuclear reactors, and du 
also Se alten by the Sun were dis 
e leton that there are three kin 
i e muon se (which appears in tritium decay); 
ogether with rino (which commonly comes into being 
trino (whicl muons, or mu mesons), and the tau neu- 
es as a generated together with tau mesons). 
Whether the it has been still not clear until recently 
a particle h neutrino has any rest mass, i.e. the mass 
Ity, the Soe at rest. According to the theory of relativ- 
Is depend s of every body depends on its velocity, an 
Velocity pag becomes much more noticeable when the 
y of the body approaches the maximum i 


Velocity, | possible 
V, ie. the velocity of light. The photon, ie. 


the li 
igh 
motion co cannot be at rest and only exists in 
, So its mass can only be calculated from its motion. 
t that was 


eutri 
no . e F: ° 
8 were in motion in every experimen 
could not be mea 


One wi 
sured, it them, and their rest mass 
Nene than, ee possible to establish that th 
and it wa is many times less than the electron rest mass, 
ea R, thought that it might be zero like the photon 
m 
: bg a sensitivity of physical 
dence nh bimov and his colleagues 
tritinn the neutrino rest mass is not zero. They } 
Neutrino m decay experiments, which are traditional for 
with a physics, and neutrinos behaved as 
that of Pe mass approximately 3 
the li pee electron, which had until then been © ns 
believe se particle with a rest mass. ` rers 
is corro} hat their result is only preliminary, ; 
Concept borated, it may force scienti iew certain 
Conse s in the theory of elementary 
“quences are very important for 


Ne . 
utrino Coronas 


1 concepts, 


Accord; 
ording to modern cosmologica € 
ticles in th 


are 
a among the most widespread pat 
5 
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On the average, there are about 450 neutrinos per each 
cubic centimetre of space. There are slightly fewer neutri- 
nos than photons, but there are 1000 million times more 
neutrinos than protons and electrons. It is significant tha 
this cosmological deduction does not depend on whether 
neutrinos have a rest mass; it follows from the primary 


principles of physics, and therefore there is every reason 
to consider it quite reliable. 


Most cosmic neutrinos (and photons) are of a cosmolog- 
ical nature: they have not been emitted by stars or other 
bodies but originated together with protons, electrons, 
neutrons, and other particles about 15,000-18,000 million 
years ago. If neutrinos have a rest mass, they cannot be 
homogeneously Scattered throughout the entire space ° 
the universe but should cluster together, owing to their 
mutual gravitational attraction, into formations of cer- 
tain characteristic lengths, like all other particles with 
a rest mass, i.e. Protons, electrons, etc. They cannot con- 
dense into a planet or star, but the interstellar space 0 
galaxies can contain them, and they are capable of clus- 
tering Into a vast cloud, a corona, around a galaxy: 
g the estimate of the neutrino rest mass indicated above 
is valid, then there are enough cosmic neutrinos to 
galactic coronas and make them as massive as they appea? 
in terms of the dynamics of galaxies and clusters of gal- 
axies. Tf this is so, galaxies and their clusters are only 4 
light luminous pattern decorating enormous formations 
consisting almost completely of neutrinos. 

The discovery of the neutrino rest mass sheds new light 
on the problem of the formation of cosmic bodies from the 
uniform matter of the early universe. If their rest mass 


Particles in the universe taken 
the general gravitational field 05 
ar aan mutual attraction makes 
i condensations of enormous ma 
and size, and all the rest particles (except photons 
pie the = ites of neutrinos because they are pulled i” 
py the gravitational field of the Teide. sations: 
Consequently, neutrinos utrino conden ; 


Play a very important role i? 
the cosmogony of galaxies and their re rail 


N 


by Yording to t 
he theory developed by a group headed 


a. B 
epoc - Zeldovi 
i vich, the succession of events during the 
jr that neutrino 


2 of 

Con, the fi : 
clusters or a canines ere is suc 

artic T supe irst, and ea A 

oF superlustors of palatio. rhe 8 sdi 

s captured by these hogan ol sarapa 
219158 tION S, ‘win 
$ A 


erg 
oes 
com i 
pression and heating, and then 
of dense? has 


Occurs 
thts a Ol 
= Ee aia by the fragmentation 
seining Hany and, protogalaxies. Tho NW AÑ X 
Sy egrate as s pr axies and clusters of galaxies o no 
a may not ems but continue to exist ever though 
ate as galaxies as gravitationally 
Tos ng the initial T clusters of galaxies the 
mentic” cluster yin apres of the medium, neutri- 
. d r i 
es ed above ri ing what astronomical observations 
; eveal as the coronas ° massive gal- 


Neutri 
utrino Coronas 


Ac 


Th 
© detat 
elab, etails 
ora s of thi 
non ee squall his theory are à long 
the ni non problem: well; there arise rather 
consiquine cons ns of gravitational interaction between 
sible wring that ponent of the protoclusters an 
noya thin the eco penetrating flows @ 
inve Y-Kogan eerie component itself, etc- G. S. Bis- 
ocstigated most | N. Lukash, and 4: Novikov have 
Mas ess, when the comprehensively the initial stage 
int Ses of su e original inhomogeneities, sncom passing 
€nsified esata were only weak perturbations 
Ne n compli y gravitational i ili 
Spe Tiho r ance with the data on relict 
peochs in re mass, we shoul ingui 
ations, Du e evolution of the primary p 
ring the earliest epot Y Jasting 2° 
the peginning 
with each 


a fo 
iy eeh 
oth Wiest en of a second after 
er and xpansion, neutrinos collided oth 
with other particles an exchang d their energy 
interaction ( one 
was 


anq 
pu 

E fone thanks to the weak in 
lective undamental interactions occurred, Dr 
Breat en enough under the circumstances pecause of the 

these wey of colliding particles and the high freuen 
ediu collisions). All the particles compos a sing: 
the tente the state of thermodynam! ailibrium: 4 
emperature of the medium was nigh enous” 
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‘ the 
thermal velocities of every particle to be close AR 
velocity of light. During the second epoch, latae eani 
100,000 years, the weak interaction was insig ei 
because of a decline in the density and tempera 5s di 
the medium during its general expansion; neutrin itll 
not collide and interact either with each aiher o i 
other particles any more, but they were still rela ‘dot 
in the sense that the velocities of their thermal mo this 
were comparable to the velocity of light. Purine fia 
epoch, the cosmic medium consisted of two ian aoc a 
interacting only gravitationally: collisionless neu third 
and matter mixed with light quanta. During the anes 
epoch, which continues to date, the collisionless neu 
component has become nonrelativistic. pey ry is 
A significant conceptual result of Lifshits’ theor’ 
that even during the first 
were not structureless be 
small they might have 
thar the level of statisti 


; i et 
The nature of these triggering perturbations remains y 
unknown, and 


only recently have physicists begun t9 
hope to associate them with the quantum-gravitatio 
ity of the cosmological singular ing 
er fate of weak perturbations dur 


tly 
epochs can be followed confiden 
enough. ires 

The development of gravitational instability requi 
that thi 


imum in t h i 
and the third epoch a 
masses, 
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= Marx and S. Salai noted that this mass should have 
played a key role in any scenario of the cosmogonical 
Speer In fact, it indicates the smallest size and mass 
ee which can grow and intensify freely at 
Me times. This is the mass of the primary separating neu- 
` ino condensations in the theory developed by Ya. B. Zel- 

ovich. The amplitude of pe the indicated 


rturbations for 


4x10" 
Sun 
masses 


Jeans mass 


40° years 
Time Hl 


iverse with neutrinos possess: 


Fig. 52 
long both axes. 


The Jeans mass in the expanding un 
s Logarithmic scales a 


ing a rest mas 
ed to be the greatest during the third 
to the stage of strong perturba- 
initiating the separation into 
ave rise to stellar systems. 


mass is consider 
epoch, when a transition 
tions took place, thus 


individual masses which later g 
It is a very important fact that this mass is in effect close 


to the masses of clusters and superclusters of galaxies. 
The final stage of the cosmogonical process appears to 
have begun when the world was 4000-3000 million years 
old. One of its remarkable features is that neutrino con- 
densations never took shape in isolation from each other 
but always in inte i f sharing between themselves 


raction, asi 

ndensing it i hese layers in 
turn joined and crossed each other forming cells of ir- 
regular shapes; ire pattern became a quasi-or- 
dered network S pling a honeycomb 
(cf. Fig. 15, where puter simulation of 
such a process is 


tructure $ ig 
the result of a com 


presente 5 


um 
A in’s Vacu 
184 6. “Hidden Masses”, Neutrinos, Einstein 


: data have 
During recent years, certain ohseryakiona! m a ce 
appeared which apparently indicate se and is very 
“superstructure” does exist in the e tironeh oni the 
ikely of a general nature, i.e. occurring e shows tha 
universe. A large-scale map of the Lapel of cases, 
groups and clusters of galaxies are, in a gi mee that can 
located primarily in chains or ee fhin l ths of abou 
be regarded as the walls of cells with g an 
(A ; alac 

Kee important results of the eee O Spe 
formation, which were obtained earlier than valid in the 
of the neutrino rest mass, are ag rome per 
new picture of the universe, The onn it Chapter i 
condensations, i.e. the “pancakes” discussed he forcer 
are present in this picture as well. Although reated now 
gravitation controlling their Sormation 15 eree physics 
y the gas but mainly by neutrinos, The proto- 
ncakes” does not change very mucha A We 
cluster condensations are effectively control = vorticity 
by the same hydrodynamic mechanisms poi te: which 
in the medium and shaping the rotating gas clus 
are able to transform into spiral galaxies. 


A Closed Universe? 


The densit 


entire 
y of galactic matter averaged over the 
Space of th 


À ons; 
e universe (i.e. actually the density of Tawo 
neutrons) ranges approximately tineutri- 
10-30 and 40-31 g/cm?. But if neutrinos (and anti ntally 
ossess the rest mass experime erage 
tron neutrino, then their av esti- 
-3) X 10-9 g/cm, Specie eae 
mates of the critical Cosmological density give saath 
°° g/cm, Therefore the neutrino le that 
nsity. It is even possib There- 
xceeds the critical density. zero 
fore the consi i Neutrinos possessing a ne both 
rest mass can radically change our understanding 0 mo” 
the geometry of the universe and the fate of the cos 
logical expansion, ays 
If neutrinos are not taken into account (as was alw nt- 
the case before the discovery by the Moscow experime 
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td then the average density of the 
to Fri = the critical density, and this suggests, according 
iaia mann’s theory, that the cosm 
ek to continue indefinitely an 
CoURE a is infinite. But if neutrinos are taken into ac- 
Gal ag ne density of the universe 1S greater 
ensity, and the conclusion should be reversed: the 


ex i k l 
pansion will not continue indefinitely and sooner Or 
at the same 


na a give way to contraction, an 
as fini e volume of the universe should then be regarded 
be nite. Therefore a closed model of the universe s$ oul 
Fn. rather than the open model. 
vol he concept that the universe is closed and that its 
of ae e is finite does not contradict he general principles 
way nysics, but principles alone are insu ficient to deter- 
pete whether the universe is finite or infinite: observational 
cd mean criteria are required, and only they are ca- 
(0) e of answering this question. A i 
a ne such criterion is the natura requirement that the 
ioe © of the universe calculated on e basis of a cosmolog- 
ace model should be no less than the age of the oldest 
l ars in our Galaxy. The stars of spherical subsystem 
have existed for at least 42,000 million years, and this 
inte the lower permissible jimit to he age of the uni- 
„i.e. it cant ounger n 
15,000-18,000 ston pers follows from the age 0 
the incidence © so. 


atomic n . ; 
` uclei estimated by 
boy bee isotopes. (The intereste eader can f ee 
n the isotope techniques or estimating the age © 
vysky an y. P. Chechev 
It is clear 


in the bo 
ok by Ya. M. Kramaro ky 
obi listed in Recomme? ed Literature.) A 
oe the universe cannot possi hi y 
fee of which it consists. ut raat ‘ti 
uni by the closed cosm® ogical MOCr small, less than 
ooo calculated oD its basis is too 
var million years: Gershtein and 
is interesting that 1 AEF i 
AS B. Zeldovich obtained à restriction © i 
est mass proceeding from pe requirement to allow the 
trino-related density ° he universe mai to this cos- 
Universe to have existed this Jong. ACCOr So neutrino T 
mological estimate, the upper jimit of the 


18-0838 
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mass was stricter than the laboratory, experimental lim- 
itations that had existed then. It was one of the first 
instances illustrating the profound, intrinsic relation- 
ship between the physics of elementary particles and the 
universe as a whole. 

To date, since the neutrino rest mass has been. discov- 
ered, the problem can be reversed, and the known values 
of mass and concentration of neutrinos can be used to 


calculate the age of the universe. If this calculation is 
carried out on th 


eviewi izing 
Friedmann’s theory, 5 ng and general of 
is ki esting generalization 


of an unusual vacuum- 
he entire universe, 


wie symmetry as a whole, as 
tl hysical Cosmology. This symmetry 
and its behaviour in tine ti! Properties of the univers? 


of space. 
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eralized i Ja 
universe en concepts of the global properties of the 
the Earth nR back to the science of the Renaissance: 
onaf ile a not the centre of the universe; the Sun is 
stars appe ıumerous stars scattered in space; planets and 
tributed peared from matter which was uniformly dis- 
thought); hroughout the universe beforehand (as Newton 
Salyers dz ae, current moment in the history of the 
an instant between the infinite past and the 


ae future, etc. 
mum, Spatial symmetry 
nation of to date, more than sixty Y° 
evidence modern cosmology, we possess 
and its i the isotropy of physical spac 
are esac 
e nei to date, there i 
ways. Th the universe expands and evolves 10 different 
in the fo y suggests that there can be no complete rest 
Stause iverse. This follows from the law of gravitation 
attract N two particles ° atter in the universe 
of thei ach other, and nothing compensates for the force 
be in = mutual attraction, SO hese particles shoul 
mince tee If the distribution of matter is generally 
or gener: Ripe motion implies either gener 7 
obtained. expansion of the universe. T! conclusion was 
cory Pad A. A. Friedmann 0? 
S relativity, which iS itself a gener 
mann’s s law of gravitation. *~ Einstein accepted Fried- 
View _theory completely ‘and adhered to 
ypoint, although he had his doubts at first. 
se ann’s paper ublished 


E A 
a 1999 in s first response tO Friedmann eae 
EAE the leading international journa 0 physics 
Same j ift für Physik) was a short critical note in the 
Was purdel indicating t t Friedmann g basic de uction 
tabla co However, Very soon â nd note was 
see ee Binstein wrote, criticism, aS 
r. Fri nn’s letter co ) 
p” Mr. Krutkov, Hae o error in caloula iiig 
new cae Friedmann’s results correct and shedding 
E. H ri 
pansi ubble’s discover. of the general cos 
hoe finally dist porated Friedmann’s theory and gave 
reliable observational foundation- Later, 


of the universe is actually maxi- 
ars after the origi- 


reliable empirical 
e: relict radiation 


s no time symmetry of the 


Friedmann’s 


13e 
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the theoretical investigations on which modern cosmology 
rests, Einstein wrote that “Friedmann was the first to 
pave the way.” 

Experiments and observations are crucial in theoretical 
discussions. Thus, the theory of the expanding universe 
proved to be valid, while the ideas of the static and per- 
manent universe were abandoned, although the Einstein 
theoretical model of the static universe did not contain 
any direct error (the above-quoted note mentioned an 
error in calculations, but this referred to verifying cal- 
culations carried out while analyzing Friedmann’s paper 
rather than to Kinstein’s own theory). 

The Einstein model contained a very important ele- 
ment, a bold hypothesis making it possible to combine 
the static universe with the law of gravitation. The static 
nature of the universe required that besides the gravitat- 
ing matter, there should be an extraneous force factor 
capable of compensating for the forces of mutual attrac- 
tion between all bodies within the entire universe taken 
as a whole. Naturally, everything was “as before” in the 
solar system, in individual stars, and galaxies, and there 


was no compensation for the gravitati dies. 
It was the field of the i ATON cae awk 


sale Proc unifor erage) 
distribution of matter that dodd a ote for. 
This factor was defined as a hypothetical vacuum, @ 
uniform medium characterized only by antigravitation, 
ees ability of the bodies within it to repel each 


ore the velocity of out 


: i e gas. There is no “counter wil 
in the motion through Einstein’s medium; so the medium 
; 
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is è 
at rest with respect to us, and we are at rest with re- 


s : 
pect to the medium, no matter what the velocity and 


aga of our motion in space might be. This is a very 
nape Fe ot of the medium, but this is precisely a 
Seed y of a vacuum: there is no “wind” in a void. Conse- 
: ys Einstein’s medium possesses the mechanical 
properties of a vacuum, i.e. the properties that reveal 


themselves with respect to the motion of bodies (this was 


pointed out by E. B. Gliner). 

This property of Binstein’s vacuum is described by a 
certain relationship between its mass density Py, OT 
energy density by =P and the pressure Pv which has 
also to be ascribed to this medium: &y=—Pv- However, 
no “normal” medium has the pressure whose modulus is 
equal to its energy density and is opposite to it in its 
sign. But the medium does not produce any “counter 
wind”, no matter what our displacement in it might be, 
if and only if this relationship exists petween its pressure 


and density. 
Another, no less amazing property of the antigravitat- 
ship stated above be- 


ing medium (linked to the relation 
tween its pressure and density) is its complete uniformity 


in space and permanence in time. The pressure and den- 
sity of Einstein’s vacuum are everywhere identical and 
do not vary with time. This was the property of the anti- 
gravitating medium in Einstein’s static, ideally symmet- 
1 cosmologic i e. The antigravitating medium 
retains this property eory of the expanding uni- 
verse: the density and pressure of “normal” matter decline 
with the expansion, put the vacuum remains the same. 
The vacuum a ith time, and in 
fact, this implie ling with a new funda- 
mental constant. > 
of astronomical observations, and if i 
to be nonzero, he problem of the exi 
ill be solve 


cannot greatly 

‘ ansit: matter 10 the universe. 

A : nt-day density € to discuss below holds 

A plausibie hat the neutrino-related 
3 


that p <10 g/cm”. ue 
density mounts to about 40-7 gicm -) 


ne carriet out 1 l 
i the density Pv 


490 6. “Hidden Masses”, Neutrinos, Einstein’s Vacuum 


However, it should be noted that the indicated pots 
is basically the upper limit of the vacuum density: fee 
uum cannot have a density exceeding the indica 


value, but this does not prevent it from possibly being 
zero. 


P s ; : it 
Einstein’s vacuum is permanent and invariable, and 


has always been perplexing. It represents a medium whip 
influences other media and creates forces controlling a 
motions of bodies, whereas the medium itself is not Fe 
ject to any influences or counteractions! This iş debñite y 
strange, and there has so far been no explanation for Hs 
Possibly, it will become clear when the nature of Ei 
stein’s vacuum is established and then perceived he 
comprehended on the basis of general concepts of t 
physics of elementary particles. 


As we have already mentioned, the concept of the oe 
gravitating vacuum is compatible with the expandl 
universe, Th 


erefore it is possible to generalize the ee 
dard” Friedmann cosmological models. A. A. Ext 
himself suggested them in his classical work during ae 
Period from 1922 to 1994. G. Lemaître analyzed these 
models in detail in the 1930’s, and he contributed sig 


nificantly to the study of the relationship between cosmo- 
logical tronomical observations. 


models and real as É n- 
eturning to the problems arising in cosmology in c0 
nection with the discovery of the neutrino rest mara 
let’s turn our attention to the fact that models with aA 
antigravitating vacuum have different relationships be 
tween the density of the universe and its age. A nev 
“free Parameter”, the vacuum density, appears in phor 
instead of the unambiguous relationship between thes 
two yalues in tl 


3 5 Ss. 
ti the “conventional” Friedmann orgie 
n principle, this Parameter can be chosen so that x 


age of the universe is sufficiently great. Figure 53 Ue 
lustrates this possibility: in a generalized model of a cer- 


tain type (called Lemaitre’s iven density, 
(the horizontal broken cay odel), a giver 


i line) can correspond to an age © 
the universe which is noticeably Fane than that of the 
Friedmann model without a vacuum. The density of Bin- 
en s vacuum in this case is comparable to the density 
of matter, i.e. actually that of EN (107 
10-238) g/cm, neutrinos: py 
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relationship between the geom- 
etry of the universe and its dynamics in cosmological 
models with Einstein’s vacuum is more ambiguous than 
in the “conventional” Friedmann model, in which the 
open universe corresponds to infinite expansion in time, 
whereas the closed universe implies that the expansion 


It is interesting that the 


Lemattre’s 
model 


Fig. 53 
The density of the 


2 

kA 

G þe. e, . 

8 universe vs. its age 
in the “standard” 
Friedmann model 


and in Lemaitre’s 
model. 


Time 


will eventually give way to contraction. The volume of 
the universe is nite in Lemaitre’s model, the universe 
but its expansion is always infinite in time. 

ms to agree with all astro- 


is closed, I 

This model of the universe see 4 
a and experimental physical facts. 

te answer to the question 


nomical dat: 1 
this is not the ultima 

er the universe is finite or infinite. This question 

n mind from time immemorial. 


f what M. V. Lomonosov, 
t, wrote in 1743: 


of whethi 
has challenged tl 


Here is an Engl r 

a Russian encyclopaedic na 
, f subterfuge 

ve ae not near þut far 


tural scientis 


Conclusion 


y e most 
Writing this book, we wanted to give the ke a 
important and interesting facts and ea laxies an 
ne field of po a i inves- 
stars. Galaxies have been Sudjects of ci true nature was 
igations since the 1920 s, when their tru stellar 
ne established and they proved to pales ee 
worlds beyond our stellar system at very ex n nebulae, 
from the Milky Way (our Galaxy) rather names 0 
i.e. small clouds of gas and dust nearby. ae of once 
Some galaxies have retained until now _, closest 
widespread views and concepts. For aay aoe aaah Neb- 
gigantic spiral galaxy is still called the An f the appea- 
ula. The elaboration of a sequential picture o de possible 
Tance and evolution of Stars was also ma accesses 0 
only during the past fifty years owing to the ine of the 
observational astronomy and the development 0 siy, 
hysical theory revealing the nature of stellar lu f cosmo! 
e discoveries and investigations in the hpo d many 
ogy during the past few decades have elucida Si stars 
points concerning the prehistory of galaxies an 
and the Physic 


hich 
al state of the rarefied matter out of w. 
they formed very long ago. is 
e reader sees that the basis of modern cosmology 
the fundamenta] idea da 


‘dea 
ting back to I. Newton: the e 
of gravitational instability. Matter cannot EE a 
in space because the mutual attra dèn: 
between all particl matter tends to prodiiee contia 
sations of certai S and masses. The geavi Oy 
i universe intensified the e 
distribution and mo the 
of matter, a certain epoch generated ster 
appearance of strong inhomogeneities: protoctus 
“pancakes”, T 
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also 
fistakiticn, and have occurred because of gravitational 
of them , and this gave rise to protogalaxies. Many 
in the Bh ce fast rotation because of the eddies 
tation of er out of which they are formed. The fragmen- 
bility led prokopa nes clouds due to gravitational insta- 
turned int o the appearance’ while clouds 
Possessin, T stellar systems suc The galaxies 
ture con g fast rotation acquired a t ent struc- 
and a Sela of a halo of more oF Jess spherical shape 
now. The p with spiral arms where S even 
Pletely T protogalaxies whose rotation was § 
oncurre sent turned into elliptical oF irregu 
Scale st; ntly with this process; the formatio 
ters of ructure of the universe Was under 
thing agg appeared, which joi I 
een di ke cells or a honeycom’ hese 
his iscovered during recent years. ‘ ' 
the st a general outline of the cosmogonica) pnan ih 
tine er a ae it is d i is book. The ony 
a cd eft to do is to tell the story ° e appearance of 
our oe star, one of the few housand million stars in 
conel alaxy, but the most im for us. S0, M 
of te Se we shall give am 4 ount 0 
Sun and the solar system. 
bins recent years, the solar stem has oam the 
vational i direct experimen rat il pies 
al investigati , Un nne spa 1 
mporatories, tier rnanned missions e Moon yie ded 
n A concrete data OM rently 
2 An e , 
fo arene one s09 atem could have an en- 
The new basis. tem was his 
origin of the solar syste 
nati Problem of cosmogo” formulated ase pret ee 
oo sciences. In h, _ Descarte n ti "ondio 
eddies | of a protosun nebula. It was a 70 a E entre 4 
the ies of gas and dust. The un for ned a } 
a cloud, and the planets with their natu 
Ppa peste tury ates i 
and then at the periphery pi cris ide investigated 
he d hen P. Laplace, develop this : eas asis 0 New- 
oni ynamics of the rotating © oud OF © mn 
an mechanics. Compressed py its ° 
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i a 
the cloud rotated faster and faster e igal as 
disk; at a certain stage, fast rotating rings Soe 
separated from the rim of the disk owing to pie 
Then the material of individual rings condensed E : 
duced planets, each in its own orbit. Thus anne oF fhe 
visual explanation of the most important proper A a 
solar system, i.e. that its planets move around amre A 
lar orbits, the orbits are in the same plane, £ ae 
planets revolve around their orbits in the same dir 


3 its 
which is identical to the rotation of the Sun about 1 
axis. 


It is far more 


Ree r 
the solar system, primarily the distribution of the angula 


un and the planets. The PRTA 
possess about 1/700th fraction of the Sun mass. Howe ers 


compared to the momentum se 
their orbital motion.) The Proper motion of the Sun abon 
i Vem POr cent of the total angular ae 
mentum of the system, In other words, the rotation f 
Some reason proved to b 


P A r 
It is noteworthy that Jupiter possesses an angula 
Momentum exceedi 


thirty times, (The pit 
tum is its s 8, times the radius of its orb 
7.8X10% em, ti i 

Saturn’s a 
Jupiter’s 


not 

of the angular momentum can 

Ss Separ 

F so 
X problem of momentum al 

remained unresolved in a 

models proposed in the 


past and still discussed today- 
In 1745, J. Buffon suggested 
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ets was drawn from the Sun by a celestial body travelling 
Jeans and other cosmogonists 


nearby, e.g. by a comet. J. 
following in his footsteps, from the 1920’s to the 1940's 
thought that the matter of the planets could be drawn 


from the Sun (which could have been formed by that time) 
because of a close approach of a neighbouring star. It 
was suggested that the gravitation of the approaching 
star created a jet 0 ing from the Sun. The 
matter of the jet wa vitationally bound 

the planets 


to the Sun, and when t 
formed out of the material of the jet. 
However, a close encounter -of stars accompanied by a 


flow of matter is an event of very low probability. We 
do not have any data on other planetary systems because 
we cannot see any other system besides ours, SO there is 
possibility of the uniqueness of an event of this kind. But 
the assumption of a very close encounter of stars seems 
to be very far-fetched from the viewpoint of theory. It 
is also essential that the conditions for the condensation 
of the planets in the jet drawn from the Sun appear to 
have been unfavourable for its matter to gather into 


anets rather than scatter. 
ing the 1940's, O. Yu. Schmidt and then the Swed- 


ish physicist H. Alfven investigated the possibility of 
while the Sun passed 


capturing protoplanet material W 
through gas-dust clouds in the disk of the Galaxy. It 
he condensation and the 


appears that the problems of the d 
omentum are the same 1n this picture as well. 
f ideas and opinions have been col- 


A wide spectrum 0 

The Origin of the Solar System (1972) 
edited by J. Reeves. The initial point of many modern 
ha -ns to be the concept of a single 
tating gas-dust cloud from which the Sun 
i pt dates back to the 
Laplace hypothesis, and most 
b x Ip £ plems of cosmogony as 
et eal ition of the Sun and the planets, as 
well as the Pr tion of matter in the 
protoplanet cloud. New ideas give hope of solving the key 

problem, that © more ah . 
= . dies 0 cosmogony 
The starting pom ial of the protoplanet 


of the solar system is 


of modern stu 
that the mater. 
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i hemical com- 
interstellar medium, whose c sai 
mal aean little from the composition hye ie 
ens interstellar medium. Heavy elemen wos 
ie pleas E to about 2 per cent, were aes per cent 
ily in the dust io ee sapere ghd te - While the 
about 23- per cent : ration, 
ies oe San by the force of its own ae 
its rotation intensified, and eventually pope ITON. 
the contraction at right angles to the pe ag ta nae 
However, the contraction along the axis af par bodies, 
tinued, and the dust particles, i.e. sma 


faster 
settled in the median, equatorial plane of the cee 
than the hydrogen-helium gas did. The dus 
accumulated in the 


ere- 

median plane of the cloud, an mees 

fore collisions between them should have a aleacod 

rather frequently, so the particles could bave aa noi 

into larger solid bodies. A rather flat disk PR articles- 

sisting mainly of such bodies and separate dus cs disk 

t appears that along with the formation bh shaped 

another process took place: a dense gaseous glo d into a 
in the centre of the cloud, then the globe turne ‘ 

star, 


Shir ie 
ar reactions started within 
his star, the Sun, bega 


: the 
Sun to the outer regions of 
cloud. The chemical com 


became inhomogeneous: 
to the Sun, where heavy 
collected i 


$ re 
es and then solid bodies oak 
produced out of them), and the periphery, where the 
ica composition remaine 
fore. 


ne 
This is why the planets, which were formed out o 
material of the protoplanet cloud, are so different in 
physical Properties anq chemic 
globes, i.e, 


Á s "i rogen 
the planets Consisting mainly of hydrog 
and helium, includin 


and 
Jupiter, Saturn, Uranus, 
Neptune, appeared in the o 

of the sol 


; he 

prevailed, appeared P 

inner region. Volatile substances, primarily hyd i the 
i gion within the orbit o 
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Earth almost completely, and therefore the Earth, as 
well as Mars, Venus, and Mercury, are solid. 

L. E. Gurevich, A. I. Lebedinsky, B. Yu. Levin, and 
V. S. Safronov developed a detailed picture of the frag- 
mentation of the protoplanet cloud into different layers. 
It was found that small condensations (planetesimals) 
rather than planets appeared in the process. Gradually 
joining each other, these planetesimals collected into 
planets, and this was the final stage of the formation of 
the solar system. 

However, the problem of the observed distribution of 
the angular momentum in the solar system persists. An 
interesting idea has been recently suggested by E. M. Dro- 
byshevsky. His hypothesis proceeded from a rather un- 
expected result of digital computer simulation of the 
evolution of a rotating cloud under the effect of its own 
gravitation. This numerical investigation was conducted 
by R. Larson, and it showed that while the cloud con- 
tracts and its rotation increases, it transforms into a 
rotating torus rather than a smooth flat disk. But a 
rotating torus without a central mass is a totally un- 
stable configuration (this was proved by V. A. Antonov). 
It should disintegrate into separate condensations revolv- 
ing around their common centre of mass. 

E. M. Drobyshevsky suggests that most likely there 
were two comparatively large condensations and many 
other, less massive ones. One of the major condensations 
became the Sun, and the other became Jupiter, the most 
massive planet of the solar system. But before this hap- 
pened, there had occurred a complex interaction between 
the two major condensations with a flow of matter from 
one of them to the other (for instance, as in the close bi- 
nary system of a burster). Matter flowed as a jet from the 
future Jupiter to the future Sun. An accretion disk formed 
around the protosun, whose rotation could be opposite 
to the axial rotation of the protosun. When the material 
of the disk settled on the surface of the protosun, it 
slowed down its axial rotation. This is the reason why 
the rotation of the Sun is so slow, and its angular momen- 
tum is respectively small. 

However, quantitative esti 
definite, and apparently it wi 


mates are still not quite 
Il take great efforts before 


ea Conclusion 


the problem of the angular momentum of the solar system 
f; resolved. 

ge es observations in the search for oror 
planetary systems are going to produce more me Unti 
now, there has been no observational answer to oo hate 
portant question of whether the solar system is a con aon 
or an exceptional phenomenon. It is only known ons 
of the stars closest to the Sun, Barnard’s star, posse 

invisible satellite. , 

a Pis satellite cannot be a star (its mass is too sial 
for that) and therefore is a planet. Small satellites ‘ 
more distant stars cannot be discovered by the seg 
the-art equipment. Barnard’s star is at a distance o 
1.83 pe from us, and the fact that the only close star, for 


which such a discovery was possible, possesses a planet- 
like satellite m 


are a common 
But back to t 
the story of our planet 


í n core ich i d 

now owing to the radi i 1 ta et a 

x A . 3 

clei. The Earth’s core consists primarily of iron (with an 
1 n, sili i 

and their compounds gs N e tee ee 


other organi 
the ocean 


there into still more complicated te, e Rable een 


cleic acids, from which the first 
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living cells developed, and then some primitive forms 
of vegetation, such as algae, appeared. Later, plants oc- 
Cupied the dry land as well. , 

At the same time, gradual changes occurred in the atmo- 
Sphere. Its initial composition differed greatly from its 
Present-day composition: there was a lot of hydrogen, 
helium, and hydrogen-containing gases: ‘ Ammoni; 
methane, and water vapour. Hydrogen and i cpp 
lightest elements, could escape gatas wi by hci 
4ppeared in the atmosphere, produced mainly on Y 
in the process of photosynthesis. “Exhaling oxygen, 
Plants created favourable conditions for the origination 
of animal life on our planet. . 

Is it possible that a similar evolutionary process, 
leading to the appearance of life and then to forms of 

igher intelligence, could take place on other planets, in 
other stellar systems? It appears that there are no grounds 
to deny such a possibility. The opinion that intel- 
igent life exists not only on the Earth was considered 
heretical Several centuries ago, but now it is almost 
Universally accepted. It is held both by believers in 

ying saucers” and scientists who have been thoroughly 
analyzing in recent years the options for a directed search 
for extraterrestrial civilizations. However, there are no 
reliable data on even the most primitive forms of life 
on other 
e do peg ad the reader agrees that both of the two 
alternatives, i.e. either the existence of numerous inhabit- 
ed worlds or the unique occurrence of intelligent life only 
on the Earth, are exceedingly dramatic, though provok- 
‘ng, and intriguing... 
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This book is ideal for those who wish 
to start learning about the int.iguing 
modern concepts of astrophysics: the 
birth and evolution of the universe, its 
large-scale structure, galaxies and their 
clusters, and stars. The book provides 
just enough text to give a feeling of 
what it is all about, such as the non- 
Euclidean geometey of the universe, 
while the main point is to cover ail the 
tecent major discoveries and novel hy- 
potheses and theories in astrophysics, 
from quasars and relict radiation to 
black holes and the neutrino rest mass, 
the latter having a profound impact on 
the entire philosophy of the universe. 
The Russian edition of this book ran 
into 100,900 copies and is sold out. 


